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Sommario
In questa tesi si vogliono presentare alcune delle attivita` svolte durante il
periodo di Dottorato svolto presso la Scuola di Dottorato “L. da Vinci” nel
periodo che va dal Gennaio 2012 a Dicembre 2014.
Le attivita` si sono svolte nei settori della robotica e dell’ingegneria mec-
canica in generale, ed il principale filo conduttore e` stata l’attivita` di prototi-
pazione, nonche´ l’attivita` di progettazione concettuale nelle sue diverse fasi,
dalla generazione dell’idea, alla realizzazione e test dei prototipi.
La fase di progettazione concettuale e` di fondamentale importanza per
strutturare il processo di generazione di nuove idee. Talvolta e` un processo
che viene svolto in maniera inconscia da parte dell’inventore. Fornendo uno
strumento che permetta di guidarlo nelle varie fasi della generazione dell’i-
dea puo` portare a dei vantaggi che permettono di esplorare settori da cui trar-
re ispirazione, che non sarebbero altrimenti presi in considerazione da parte
dell’inventore.
Un aspetto di fondamentale importanza nello sviluppo di nuovi prototipi e`
un processo che si contrappone alla fase precedente. Inizialmente la proget-
tazione concettuale tende a fornire strumenti per generare il maggior numero
di idee possibili, ma ad un certo punto si ha la necessita` di selezionare un nu-
mero limitato di casi da approfondire. Tramite la fase di selezione, che si puo`
strutturare su livelli piu` o meno articolati e piu` o meno qualitativi/quantitativi,
l’inventore tende ad individuare, caso per caso, quali sono le idee su cui valga
la pena investire tempo e risorse, prima di passare alle fasi successive.
La prototipazione, nonche´ la sua fase precedente, ormai comunemente de-
nominata pretotipazione, sono invece tappe obbligatorie per chi voglia svilup-
pare una qualsiasi nuova idea, sia essa un prodotto o un servizio. Dall’analisi
del pretotipo prima, e del prototipo poi, puo` dipendere il successo del prodotto
o servizio finale, dal momento che permette di evidenziare limiti e possibili
migliorie da apportare prima di passare alla fase realizzativa finale.

Abstract
In this thesis we want to present some of the activities carried out during the
PhD studies held at the PhD School “L. da Vinci” in the period from January
2012 to December 2014.
The activities were held in the fields of robotics and mechanical engineer-
ing, and the main theme was the prototyping of new concepts, as well as the
activity of conceptual design in its different phases, from generation of the
idea, to the realization and testing of prototypes.
The conceptual design phase is of fundamental importance to structure the
process of generation of new ideas. Sometimes it is a process that is carried out
unconsciously by the inventor. Providing a tool that allows to guide him in the
various stages of idea generation can lead to advantages that let the inventor
to explore areas from which take inspiration, which otherwise would not have
been taken into account.
An aspect of fundamental importance in the development of new pro-
totypes is a process that goes in the opposite direction of the idea genera-
tion phase. Initially the conceptual design tends to provide tools to gener-
ate as many ideas as possible, but at some point there is the need to select a
limited number of cases to investigate. Through the selection phase, which
can be structured at levels more or less structured, and more or less qualita-
tive/quantitative, the inventor tends to identify, case by case, which are the
ideas in which is worth investing time and resources, before moving to the
following stages.
Prototyping, as well as its previous phase, now commonly called pretotyp-
ing, are mandatory steps for those who want to develop any new idea. The
success of the final product or service may depend from the analysis of the
pretotype first, and of the prototype later, since it allows to detect limits and
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The present work is the result of three years of PhD studies, of some research
projects (RobLog, NineSigma), of industrial activities (grippers for leather
handling, automated systems for biomedical industry) and of academical ex-
periences carried out in foreign research institutes and universities (BIBA and
University of Texas at Austin). All the activities listed above merged into this
thesis where the main topic is the prototyping activity for research and indus-
try.
The initial part of the thesis was carried out in the PhD programme in Au-
tomation, Robotics and Bioengineering, where the candidate focused mainly
on problems concerning the creation of concepts of grippers for the handling
of heavy and deformable materials. One of the main activities during this part
of the PhD studies was related to the RobLog project, and many grippers have
been designed for the grasping of jute coffee sacks. Despite that, many other
projects, still concerning the creation of concepts and prototypes were carried
on, focusing both on industrial and academic solutions. During the last year,
the studies switched to the PhD programme in Mechanical Engineering. In
particular the activity was close to the design and methods for industrial engi-
neering research field. Other research activities carried on during the last year,
were concerning manufacturing methods and robotics.
Among the many projects followed both during the Automation, Robotics
and Bioengineering and the Mechanical Engineering studies, only a selection
is presented in this thesis, which are the ones concerning the prototyping ac-
tivities for industry and research. Many other projects (e.g. Magna Closures,
collaboration with the CIRP, abroad experiences etc.) are not presented here,
even if they contributed significantly to the personal and professional growth
of the candidate.
1.1 The core of the thesis
One of the main goals of the thesis is to establish a strong interaction between
the academical field and industry, by creating and using methodologies, con-
cepts and processes that can be used for both the sectors. In fact, it is opinion
of the candidate, and hopefully of many of people he worked with, that in the
most of the cases, research is meaningless if it cannot be transferred to real
cases, that are usually represented by industry, and vice versa it is pointless to
try to create something if it is not based on strong theoretical bases.
Prototyping is one of the most important steps in order to arrive to final
products. Some of the steps analyzed in this thesis here are even not for the
prototyping phase, but at a pretotyping [1] level. In fact, by reporting the def-
inition, a prototype is “the original or model on which something is based or
formed, as the first working model of something to be manufactured on a large
scale”. Many activities studied are even preceding the manufacturing of a
physical object, like the Design by Analogy that will be analyzed in Chapter 3,
or some concept selection phases that are described in Chapter 4.
1.2 Structure of the thesis
In order to better contextualize the work, the phases that have been analyzed
are the ones in dark blue in Figure 1.1, where the scheme illustrates the product
design phases according to Ulrich [2].
The work has been divided into macro areas: the first one is an overview of
the Concept Design phases, and is analyzed in Chapter 2. This part is an intro-
duction that should help to better contextualize the importance of the work, and
to understand which part of the prototyping phase are studied and analyzed.
Following the Concept Design, the study of the Design by Analogy is dis-
cussed in detail in Chapter 3. This phase is at a conceptual level, concerning
the creation of new concepts, the analysis of unexplored field for invention, the
overcome of fixation during the conceptual design phase.
In Chapter 4, methods for helping in the selection of concepts are studied,
in order to support the choice of the most promising concepts to be developed.
The choice and selection of concepts, with some case studies for gripper se-
lection.
Some practical cases are illustrated in Chapter 5, where the methodologies
treated in the first Chapters have been implemented, but at the same time some
limitations and drawbacks of the prototyping phases are put in evidence.
Chapter 6 propose some solutions to overcome the limitations of prototyp-
ing techniques, particularly related to mechanical properties of rapid manufac-
tured components, processes used for manufacturing pretotypes and prototypes
and for the customization process of large scale production.
Some parts of the thesis are partially based on previous works and papers
of the candidate and his research group, while some other parts have been used
for the submission of papers that are, at the present moment, under review. In
particular the part concerning the Design by Analogy (Chapter 3) is based
on the paper Concept design of new grippers using abstraction and analogy
[3]. Chapter 4 presents some works of the author and of his research group
presented in [4] and [5].
Chapter 6 is based on many works and papers: Section 6.3 concerns the ac-
tivities done during the period spent at the University of Texas at Austin, and
a paper related to this activity has been submitted to the AITeM conference
(Improving mechanical properties of laser sintered Nylon-12 [6]). Section 6.4
is based on three papers of the author submitted to the ICIDM conference [7,8]
and SFF Symposium [9]. Finally, Section 6.5 is based on a paper submitted
to the ASME conference, titled A novel methodology for the creation of cus-
tomized eruption guidance appliances [10].
Figure 1.1: The product design flowchart. The phases analyzed in the thesis




Every activity where the creation of a new product is intended as the main goal
of the project requires as initial step the planning of the activities. Accord-
ing to Ulrich [2], the concept development phase covers four macro-areas: (i)
Marketing, (ii) Design, (iii) Manufacturing and (iv) Other functions (finance,
management. . . ). In this work, marketing and economical analyses will not
taken into account, but the thesis will focus on the concept development phase,
analyzing especially the design and manufacturing aspects.
The following Sections introduce the themes that will be analyzed in the
following Chapters, giving an overview of which is the main topic of each
Section.
2.1 Concept design phase
The conceptual design phase, as suggested by Ulrich [2], can be divided in
the following seven subsequential steps: (i) identify the customer’s needs, (ii)
define the objective, (iii) create new concepts, (iv) select the concepts, (v) eval-
uate the concepts, (vi) define the final specifications and (vii) plan the project.
Simultaneously to the substeps listed above, other activities have to be
carried on, concerning mainly the following points:
• economical analysis
• study of concurrent products and benchmarking (literature study)
• prototyping and testing of the concepts
The steps that have been analyzed in the present work are the ones that go
from the definition of the objectives, even if the most of the work started from
the creation of new concepts, to the evaluation of the concepts. Moreover,
other activities presented in this work concern the study of literature and the
prototyping and testing of new concepts.
2.2 State of the art and literature analysis
The development of new concepts cannot disregard a deep analysis of simi-
lar products already available both on the market or already studied and pre-
sented in the literature. In order to avoid fixation, it is opportune not to analyze
the concepts already present in Academia or Industry before a brain-storming
phase. By inverting the two phases, it could happen that the inventor focuses
too much on already existing concepts, trying to emulate or to modify them
(this aspect will be deeply analyzed in Chapter 3), thus limiting the exploita-
tion of unexplored fields for the invention.
On the other hand, once ideas for new concepts have been generated, it
is necessary to check if what came out from the brain-storming has already
been conceived. If the idea is new, it is still possible to take advantage of
similar concepts already generated, in order to understand which are the main
advantages and the main drawbacks.
2.3 Design of new concepts
The concept can be presented as a draft or sketch, or even only a written de-
scription of the product. Sometimes this is not enough for evaluating the me-
chanical properties of the solution (work-alike), or to have an idea of how the
final product would look alike. The purpose of the testing of concepts is to es-
timate the reaction of potential customers to a product concept before investing
other resources in its development. Moreover, in the industrial field, the con-
cept testing can be used to identify the segment of the market and opportunities
for improvement.
2.4 Selection process
Once concepts have been generated, the subsequent step is to analyze them and
to identify the most promising ones. In order to do the selection, some sup-
porting instrument and methods are available, that structure in a more formal
way the selection process. They can be more qualitative or quantitative, with
a higher quantity of information or with a schematic approach, but the goal is
the same: give some criteria for the selection of the concepts to analyze more
in detail and to develop more. This topic is analyzed in detail in Chapter 4.
2.5 Manufacturing and testing of the prototypes
Once the prototypes to be manufactured have been selected, there are many
different ways for creating the concepts. Among the traditional techniques,
there are the traditional operation performable on the machines available in
a common workshop (e.g. drilling, milling, turning) and their functioning is
well known from academic literature [11, 12]. Moreover, in the last years, the
importance of Rapid Prototyping techniques in the prototyping phase raised
considerably. An overview of the state of the art of rapid prototyping can be
found in many books [13] and research papers [14].
The testing of concepts is closely linked to the selection process , since
both aim to reduce the number of concepts to be considered. Testing is a
subsequential phase which aims at evaluating certain performances (e.g. di-





This Chapter explores the possibility of creating new concepts using analogy,
in order to expand the number of concepts that can be created. The purpose
of this Chapter is to present and explain a six-steps method based on problem
formulation, abstraction and Design by Analogy, whose goal is to structure
the technique for generating new design solutions. The methodology proposed
was then tested over the Design by Analogy of new grasping system for the
RobLog Project, and some of the results are presented at the end of this Chap-
ter.
3.1 Definition of Design by Analogy
Design by Analogy is a powerful technique for new design solutions. In the
literature there are two possible approaches. The first one is more user friendly
but is low structured. The other is more complex, which structures the problem
better but is highly time-consuming. This Chapter presents a simple system for
structuring the Design by Analogy method, which is based on the abstraction
of the problem. The application of this system increases the design possibil-
ities, and results can collected in a repository, whose order is based on func-
tional logic. The proposed technique was tested on the conceptual phase in
the design of novel grippers and in many other fields that will be presented in
Chapter 5.
The Design by Analogy process can be extended to many different fields.
The method can be used as a creativity support during the design phase, also
creating repositories that can be enlarged and reused for different applications.
In this case the methodology was applied for the development of innovative
grippers for the RobLog Project [15], that will be treated more in detail in
Section 5.1.
During the conceptual design phase, often the designer try to generate dif-
ferent alternatives and to explore divergent design solutions. In this phase,
several methodologies are often used to abstract the problem and to formulate
innovative ideas and products. A powerful technique for exploring new con-
cepts is Design by Analogy. It allows the designers to take inspiration from
the functioning of different objects and living beings. In the literature the main
approaches are located between the two following cases:
1. The first one groups user friendly but low structured approaches. They
are based on lexical analysis (synonyms, antonyms, hyperonims etc..)
and sometimes are enhanced by software or databases, such as in [16,
17]. Databases are generally used as a further source of inspiration for
the designer. Generally they are very simple tools, easy to use, but they
provide only general ideas and not detailed solutions.
2. The second one collects more complex but more structured approaches.
They help the designers in structuring the problem in a better way through
several steps, but they are highly time-consuming. These methods can
be based on functional approaches [18] or on the TRIZ theory [19]. The
long learning time represents the main drawback of such methods.
The present work would like to fill the gap by presenting (i) a simplifica-
tion for structuring and abstracting the problem and (ii) a structured way for
systematizing heuristic approaches. The method has not to be considered as a
novel method invented by the candidate and his research group, but instead a
reinterpretation of methods already known and applied both for research and
industry. The first step of the proposed approach starts from the abstraction of
the problem, as the TRIZ theory suggests [19]. Then, following a functional
perspective (similar to Nagel et al. [20]), many similar products, systems or
living beings can be identified in a structured way. The identified products,
systems or living beings are then clusterized in a database according to a func-
tional logic. Then they become a new source of inspiration for the designer. As
we will detail in the following paragraphs, the presented methodology benefits
from some of the fundamental steps of the structured methods, but it remains
simple to learn and to be used.
3.2 State of the art of Design by Analogy
Design by Analogy is a useful methodology often adopted by professional
designers, both at academic and industrial level. Sometimes the analogy tech-
nique is adopted considering only elements belonging to the same domain as
the product under study (close-domain analogies). However, less often, differ-
ent fields are also investigated (cross domain analogies) to expand design pos-
sibilities [21, 22]. The latter approach is extremely useful, especially during
the starting phase of the conceptual design, because it allows designers to dis-
cover new ideas for the creation of novel products. Nevertheless, while Design
by Analogy is often performed without a formalized methodology in indus-
try, different design theories and problem solving methods based on Design by
Analogy can be found in literature. For example, Synectics is a structured ap-
proach to the creative problem solving activity, based on analogical thinking.
It identifies four different mechanisms which stimulates the creative thinking:
direct analogy, personal analogy, symbolic and fantasy analogy. A more struc-
tured method is the “theory of inventive problem solving” (TRIZ) [19]. The
approach followed in TRIZ considers initially the abstraction of the problem,
followed by the identification of the contradictions, then the research of a solu-
tion by analogy within the 40 inventive principles. Such principles have been
extracted from a corpus of 2 million patents [19] and have been demonstrated
to be stable with the passing of time [23]. Even if the inventive principles al-
low the designer to find the solutions to the contradictions, the methodology is
complex and it has a long learning curve.
Mc Adams et al. [18] provided a measure of the similarity of the products
through the concept of functions and flows. Starting from the users’ needs, the
functions that the product has to carry on are identified. After that, through an
appropriate database, those products sharing a functional similarity are chosen
for a cross over. Mc Adams explored only the electro-mechanical devices
domain, neglecting other possible sources of inspiration.
Similarly, the method developed by Fantoni et al. [16] focused on the con-
cept of function. They described a technique based on functional analysis and
on the analysis of functional synonyms and antonyms for the development of
new ideas.
Another method which supports the design activity, stimulating creativ-
ity and reasoning by analogy at the same time, is the wordTree design-by-
analogy method [17]. This method systematically guides the designers in the
identification of analogies and analogous domains thanks to the investigation
of the lexical relationships among words (hyperonims, meronims, synonyms,
etc.). Conversely Bonaccorsi et al. [24] developed a wide and interconnected
functional dictionary, where vertical and horizontal relationships are mapped
through synonyms and antonyms. Such extended dictionary offers the pos-
sibility of designing alternative solutions by using functional similarities or
variants but it is limited to functional verbs and flows.
These latter two techniques are useful in giving inspiration to the designer,
but they are not structured. A huge source of inspiration for new solutions
comes from nature. Several works deal with the systematic transfer of bio-
logical knowledge into the engineering domain. Indeed, biomimetic design
”offers enormous potential for inspiring new capabilities for exciting future
technologies” [25]. Several researchers have used biological analogies for the
generation of concepts [26–28].
In particular, through the concept of function, some of these works identify
the biological elements to develop bio-inspired concepts. For example Shu et
al. [29] combined functional modeling and biomimetic design, by incorporat-
ing biological phenomena into a function based design repository. Similarly,
Nagel et al. [20] presented a general method for the functional representation
of biological systems through systematic design techniques.
The systematic search for inspiration in the biological field has pushed
the research towards the development of databases and softwares. For in-
stance Chakrabarti [30] created a software called IDEA-INSPIRE, which uses
a database of natural and artificial systems classified by a verb-noun-adjective
triplet. Vincent and Mann [23] constructed a condensed TRIZ contradiction
matrix (bio-triz matrix), that enables designer to abstract useful design infor-
mation from biological systems. Although the biomimicry allows designers
to identify really innovative design solutions, this technique focuses only on
living organisms domain. Robotic research has always shown a deep interest
in bio-inspired grasping principles [31]: one of the most interesting research
activities is the gecko climbing system studied by Cutkosky’s team. The climb-
ing robot they developed is based on Van der Waals’ forces and hierarchical
structures [32], while Matope et al. [33] transferred the concept to a microgrip-
per.
3.3 The methodology
In order to overcome fixation and to explore also lateral ideas, we approached
the problem of designing new products by using a crossover strategy (i.e. by
using Design by Analogy). The idea behind is to find, in common days life, a
source of novel ideas inspired by the objects used to carry on a desired func-
tion (hereafter named inspiring elements). A large database of these objects
can be created in order to capture their behaviors, which concur to provide
the researched functions. Each one of them can be described in functional
terms (e.g. using the dictionary in [34] and [24]) to enhance their retrieval.
Unfortunately, even if powerful, Design by Analogy is a very low structured
technique. Therefore, instead of starting with the research of analogies, we
propose a six-steps divided in the following six steps:
1) Problem and requirement definition – The designer has to define the re-
quirements and the constraints of the problem;
2) Abstraction of the Problem – The main desired function is identified. This
is the base of the following design by Analogy;
3) Collection and clusterization of the inspiring elements – Working by an-
alogy, the designer collects and clusterizes into a repository the elements
that carry on the desired function;
4) Functional and Statistical analysis – The main function can be decom-
posed into sub-functions. A statistical analysis of the sub-functions used
in the inspiring elements and in the similar products is performed. The
comparison of the two statistics allows the designer to highlight the un-
explored areas;
5) Design and new concepts – All the elements in the repository are based on
a specific physical effects that can be used as a source of inspiration for
new concepts;
6) Concept selection – The starting requirements are used to select the prod-
uct concept.
3.3.1 How to apply the method to the design of new grippers
Even if the method can be easily understood, we would like to apply it to
a real case in order to better illustrate the procedure through its steps. The
application is the design of new grippers. By applying the Design by Analogy
heuristic at the problem level without using a structured method, we can find
interesting sources of ideas in new industrial grippers or in robotic hands, but
such an analysis looks much more like benchmarking than an inventive activity
(Figure 3.1 left arrow). In fact, both the number and the diversity of the found
analogies are reduced if compared to the more systematic analysis proposed
here. For comparison the reader can refer to the seminal work of Novitskaya
[35], where she attempts to demonstrate the similarity between grippers and
some structures belonging to absolutely different technical systems. Even if
the idea is correctly expressed and the case study describes a gripping device,
the approach is far from being systematic.
By abstracting (Figure 3.1 vertical arrow), and so generalizing the problem,
the field of research can be enlarged. Abstraction plays a major role in the early
stages of engineering design and it is a valuable tool during the conceptual
design phase [36]. It is also the first key step in TRIZ algorithm [19] while it
also plays a relevant role in functional decomposition [26, 27, 37].
The abstracted problem can be described as follows: “to find a system that,
when acting on the object (i), reduces the degrees of freedom of an object with
respect to the system itself”. The research of solutions was carried out through
several brainstorming sessions and through several contributions developed in-
dependently by the researchers. The goal was to identify the living beings and
non living things that, through different mechanisms, perform the researched
functions (Figure 2 right arrow and clusters).
Working by analogy the following areas were explored:
biology and botany (in a sort of biomimetic approach), varying from insects
legs to animal trunks and tongues, investigating animal climbing systems
or insects’ reproductive apparatuses or even plant glues or seeds shapes;
appliances and tools , varying from snap-fits to locks, investigating gym de-
vices as climbing cams or parachutes or even common day life tools as
umbrellas and epilators;
weapons as harpoons , varying from hook to hand harpoon, investigating sim-
ple or expanding bullet or even arrow or broadhead arrow;
clothes and accessories , varying from belts to laces, investigating hairclip or
nose-piercing or even zip or a button in a buttonhole.
3.3.2 Functional decomposition of systems that grasp objects
Whichever system is selected, standard gripper and robot hand, or novel grasp-
ing device, it has been analyzed in a formal way. First of all, for each gripper,
hand, device or animal, a suitable reference was identified to clarify the func-
tioning of the system of interest. This is important in particular to understand
Figure 3.1: Sources of inspiration for Design by Analogy.
the correct behaviors, especially for biological systems, with which engineers
have no familiarity. To make the analysis as rigorous as possible, a step-by-
step top-down procedure based on Functional Analysis (FA) has been chosen.
As seen in session two, different works resort to the concept of function, since
it provides an abstract representation of the product. In engineering design,
the definition or the comprehension of a system in terms of function, is a fun-
damental aspect [38–40] that helps designers in conceptualizing and evolving
the design. Functional Analysis (FA) helps the study of complex systems by
breaking them down into simpler sub-functions.
During the 60s in Germany, a catalogues of effects, principles and solutions
was developed to provide abstract representations of the functioning of objects,
in order to help the designer in choosing the best solution [26, 34].
Later several attempts to standardize the functional lexicon emerged in
the literature [41–43]. Even more structured are the proposals by Little et al.
[44], who introduced the notion of functional basis, and Stone and Wood [45]
that continued on the same track combining the classification of functions in
classes with the structure of a basis. These efforts of synthesis culminated in
the Reconciled Functional Base proposed by Hirtz et al. [34], who suggested
a hierarchy of functions organized in three levels. Such taxonomy has been
adopted in the present work.
Therefore the decomposition moved towards the identification of the phases
[46] occurring during the utilization of the gripper, the actions performed by
the animal or the product’s phases of use. The identification of the phases
makes it easier to create a detailed functional description. Then each phase
was split into elementary functions and, to obtain homogeneous functional de-
compositions , phases were labeled by using the functional dictionary of Hirtz
et al. [34]. Finally, each gripper was classified according to the physical effects
involved during the functioning [47].
In particular, it is worth noting that the analysis of the elementary functions
allows mapping both the main function and also those functions supporting the
grasping. In order to reduce ambiguities, the handling based on grasping was
split into standard phases and all the systems (included animals, devices etc.)
were dealt according to such a set of phases.
In general parts grasping [48] consists of the following phases (shown in
Figure3.2 in case of a mechanical two fingers gripper):
1. approaching the object: the gripper is open, and the robot system posi-
tions the gripper close to the object;
2. coming into contact: the gripper is actuated and its surface touches the
object surface (in case of contactless handling the object is in the range
of the force field generated by the gripper);
3. increasing the grasping force: the grasping force has to reach a value
able to provide a stable grasping;
4. securing the object: the force stops increasing, when the object stops
moving independently from the gripper;
5. lifting the object: the gripper and the object are joined and the object can
be lifted (if the payload of both the robot and the gripper allows it);
6. releasing the object: at the macroscale, when the grasping force is re-
moved, gravity helps to release the object. At the microscale the prob-
lem is more complex, therefore other releasing strategies has to be found
[49];
7. monitoring the grasp: many different sensors (force and torque, stick-
slip, contact sensors, etc.) are used to monitor the contact and the effec-
tiveness of grasping.
Figure 3.2: Standard phases sequences in assembly or goods handling.
Phases like number 1 and 5 are usually performed by a robot or other
handling system, while phase number 7 can be done both locally, at the gripper
level, or globally ,at robot or environment level (through fixed cameras).
3.4 Application of the method to the design of new grip-
pers
Nowadays grippers are changing towards a more and more complex design to
accomplish the most various tasks. Even if research is pushing toward this di-
rection, simple high-efficiency grippers are still studied and produced for com-
mon industrial operations. Actually, high performances usually imply high
costs, which are not possible in a competitive industrial scenario. Because of
this fact high dexterous hands are mostly used in research activities or for par-
ticular manipulation cases, while simple and reliable grippers are intensively
exploited in industry.
Figure 3.3 shows the space of automatic grasping devices. On the left
side different industrial grippers are shown, while on the right one a few robot
hands are presented. Examples of the two categories are vacuum cups, two fin-
ger mechanical jaw for the industrial grippers, and Vassura’s hand or Waseda
University Hands [31] for what concerns the robotic end-effector.
The most important features for industrial grippers are the force, generally
higher than in robotic devices, and the structural stiffness, which influences
the quality of grasping, positioning etc. [31]. Moreover the reduced number
of degrees of freedom increases the reliability of the gripper and reduces its
cost. The robot hands, compared to the industrial grippers, have an higher
compliance and dexterity (mainly due to the increased number of DOFs) that
allow the manipulation of objects in a human-like way.
Figure 3.3: parameters and performance vary from industrial grippers to robot
hands.
3.4.1 “Non conventional” grasping systems
The methodology presented was applied to create a database that supports
the designer in inventing non-conventional new grippers during the concep-
tual phase. As we stated before, in order to overcome a rigid and convergent
approach to the problem we decided to explore devices or living beings and
non living systems that acts (also for short time periods) as grippers.
Definition of gripper
Grippers are defined as “a subsystems of handling
mechanisms which provide temporary contact with the
object to be grasped [. . . ] and ensure the position and
orientation when carrying and mating the object to the
handling equipment[. . . ]; the term “gripper” is also
used in cases where no actual grasping, but rather hold-
ing of the object where the retention force can act on a
point, line or surface [. . . ]” [50].
Therefore it would be helpful to find other systems, that are not classified
as grippers and match such a definition. Hence, a database made up of about
150 elements has been created [51]. This database contains the names of the
“non conventional” grippers and the relative functional decompositions of the
grasping phases. The entries of the database are classified according to (i) the
grasping mechanism (e.g. adhesion, grasping, pinching or punching) and to
(ii) the fields whose they belong to (e.g. biology, appliances and tools, clothes
and accessories, weapons, etc.).
Examples of convergent suggestions in the database are seat belts, fish nets,
mechanical devices; more divergent ideas are, for example, umbrellas, stents,
car latches, etc. Moreover, even accidental and unwanted events as the nesting
between springs or the tangling of trousers into a gear systems or in the bicycle
chain can be useful in inspiring novel solutions for grasping.
Figure 3.4: Screenshot of the database.
Figure 3.4 is a part of the database which shows elements satisfying the
definition. For instance during the use of a parachute, it contains and con-
strains the air (it is a sort of temporary gripper for air). Another example is the
brake that grasps the wheel, decreasing the vehicle velocity by friction. One
more interesting object is the stent, that is inserted in the veins and arteries
of the human body to counteract a localized flow constriction. Usually it is
passed into the narrowed locations and then it is inflated. Thus the balloon
pushes the metallic stent that crushes the fatty deposits, opening up the blood
vessel and restoring the flow. Its functions of blocking the fat and holding the
blood vessel in an open position satisfy the gripper definition. Some entries
of the database show the same functional decomposition therefore they can be
considered identical, even if they are structurally different. These elements are
in the column called correspondents. Indeed, the same functional chains can
be carried out through different elements and even different physical princi-
ples. For example a plug, a stent and a latch perform the same functions to
block and to hold.
3.4.2 Occurrence analysis
Occurrence analysis for standard grippers For each grasping principle
[52] one standard gripper was selected and analysed through functional anal-
ysis (Figure 3.5), since grippers exploiting the same grasping principle show
almost the same behaviour. As a note, the functions related to the lifting and
realising phases were skipped, since they are repetitive and mainly based on
robot capabilities and gravity, respectively.
Figure 3.5: Screenshot of the functional decomposition of the main grippers.
Such decompositions can be considered as the baseline of the frequency
analysis. The most occurring functions have been plotted in the Pareto’s his-
togram shown in Figure 3.6. As expected, the most repeated functional verbs
are those related to the grasping and handling phases (to position, to bring
close, to align, to connect, to mate, etc.). Some of them are peculiar to the
grasping process, while others, such as to mate and to connect, show how
grasping benefits from high coupling of gripper and object surfaces (often
achieved through the deformability of the couple gripper and object).
Occurrence analysis for non conventional grasping systems Also for the
non conventional grippers a frequency analysis has been performed, in order
Figure 3.6: Pareto histogram of the most occurring functions.
to identify where interesting changes emerge from the comparison of the two
groups (conventional vs non conventional). Figure 3.7 shows the results con-
cerning the top 30 functions.
In the case shown in Figure 3.7 the function “to deform” is split into two
parts: gripper deformation and object deformation. The sum of gripper defor-
mation and mating is relevant and their synergy plays a key role (even more
important than in conventional grippers). This is probably due to the presence
of biological systems, where the coupling of grasping device and objects sur-
face is necessary to increase reliability and to decrease the amount of energy
requested for the grasping (that, for example, is the base of the climbing of
geckos, tree-frogs, squirrels, insects, etc.).
The exploitation of a high coupling between gripper and object is, and
probably will be even more in future, an interesting research area in robotic
grasping. However its investigation is out of scope with respect to the aim of
this work.
3.5 An industrial case study: Robotic unloading of goods
from containers
Automation of mass goods has become more and more important for logis-
tic companies. Reasons rely both on process cost and workers’ health issues.
Especially, the handling of heavy and deformable materials is one of the most
challenging problems for this sector. The EU has approved the RobLog project
whose main goal is the automatic unload of containers. The method presented
Figure 3.7: Pareto histogram of most occurring functions in non conventional
grippers.
above was applied to the development of the grasping part of the robot. Be-
cause of the wide variety of goods to be handled, one of the main goals is to set
the specifications, both of the goods to be handled and of the grasping system.
For the specific case of study, the gripper has to grasp jute coffee-sacks, whose
requirements are:
R1 weight: 25 kg – 75 kg;
R2 maximum dimensions [mm]: 600x300x900;
R3 material of the sack: jute (porous);
R4 contents of the sack: coffee beans (deformable);
R5 maximum damage admissible: 200 mm2.
The gripper itself has to respect some specifications too:
R6 weight: < 4 kg;
R7 time for grasping/release: < 3 s.
Some of the specifications may be satisfied depending on the number of
grippers used (R1 to R5). Moreover, some of them are requirements of the
project, so they have to be respected (R1 to R4).
3.5.1 Intrusive grippers
At the present two workers pierce the jute sacks with four hooks to grasp and
handle them. The hooks, whose average diameter is 4 mm, leave small accept-
able holes on the jute sack.
Intrusive grippers are frequently used in sacks handling or in food han-
dling. The Schmaltz Gripper [31] is a gripping system used for the handling
of flexible, non-rigid components or materials. It is also used to grasp objects
which cannot be grasped by using vacuum, e.g. fabric sheets, textiles, foam
materials. Its gripping behaviour is achieved by the intrusion of the needles
within the fibres of the object. The same principle has been also adopted in
food industry to handle frozen fillets of fish or meat [53].
Kazerooni [54] uses of two rotating rollers able to entangle the textile of
the sack. The two rollers come into contact with each other and with the sack to
be grasped. The rollers start counter-rotating and the sack textile is dragged by
the friction forces. When a certain quantity of the sack is between the rollers,
the sack can be lifted. The working principle is similar to what happens when
trousers come into the bicycle chain.
Kirchheim et al. [55] described a gripper supplied with four claw-systems
with three concentric claws per system. The claw systems move vertically and
rotate at 90◦ degrees. The edge of the claw pierces the jute, while the roto-
translational motion produces the form closure. The gripper is really tough,
but it requires powerful actuators.
This very short state of the art in coffee sacks handling showed that the
four grippers listed above are similar, respectively, to fish-hooks, forks, pull-
over mill and a corkscrew.
3.5.2 Designed grippers
The database [51] has been clustered and a limited number of concepts has
been extracted, prototyped and tested on real-scale coffee sacks. Moreover
they exploit principles which are more reliable than the ones of the existing
grippers, and better interface with the jute sacks. They are hereby described,
and Figure 3.8 shows the grippers together with their inspiring source.
Sewing Gripper A helical metallic wire is sewn, thanks to an electric motor,
on the jute sack. Once enough spires are inserted into the material, the
sack can be pulled out. To release the objects, the spring is unsewn by
the electric motor. This gripper, even being intrusive, does not damage
the jute significantly, since the small dimension of the multiple holes
created there.
Inflatable gripper It is an intrusive gripper which changes its geometry to
achieve the grasping. A deformable membrane, surrounded by a braided
sleeve, is inflated to switch from the insertion/extraction to the grasping
configuration. The working principle is similar to the cited stent. The
main advantage of the pneumatic air actuation are velocity and reliabil-
ity.
Cam gripper The grasping is achieved thanks to the contact between two or
more metallic retractable shelves, and the inner surface of the sack. The
gripper is inserted into the object with the shelves in the retracted po-
sition, then they are elongated and the object is pulled. This gripper
presents a high-reliable grasp and small dimensions.
Reverse Scissor A rod with two shelves aligned with its axis is inserted into
the object. Then the shelves are rotated and blocked in an opened po-
sition. The main advantage (demonstrated by the use of a bigger protp-
type) is the reliability of such a grasping system.
All the prototyped grippers (except the reverse scissors gripper that was
made in ABS by rapid prototyping) demonstrated good grasping capabilities
and a maximum pulling force varying from 200N to 350N. The holes generated
into the jute sack remained within the specifications even if a miniaturization
process is necessary in the case of inflatable gripper and in general can be
appreciated also in the other devices.
Figure 3.8: Some of the devices prototyped and developed.
This Chapter was partially based on the following publications:
- G Fantoni, D Gabelloni, and J Tilli. Concept design of new grippers using
abstraction and analogy. Proceedings of the Institution of Mechanical En-





This Chapter analyzes the selection process used for the choice of grasping
systems in many projects developed during the PhD course, but it can be obvi-
ously extended to any other field of invention, for the selection of concepts of
objects or services. We can distinguish between top-down methods, when the
input is a set of concepts to score and the output is a rank of the concepts, and
bottom-up methods, when the user has the description of the grippers and the
choice is based on his personal opinion. Simplifying the problem, it is possible
to say that the bottom-up methods report more information, but have a higher
level of subjectivity, while the top-down methods analyze only the properties
of interest for the single case study, but with a higher level of objectivity.
4.1 State of the art and integration with Design by An-
alogy
The methods analyzed in Section 4.1.1, Section 4.1.2 and Section 4.1.3 are
basically the state of the art for concept selection, even though many other
methods are available for industrial and academical use.
The selection process is the step that allows the user to choose which con-
cepts, from the set of ideas conceived during the conceptual design phase, he
has to continue investigating. It is no sense wasting energy by developing too
many concepts at the same time. It makes more sense, instead, to invest time
and resources in the development of one, or at most a few concepts, in order
to have less solutions but of higher added value. So, while Design by Anal-
ogy tends to generate as many concepts as possible, the selection process goes
in the opposite direction, eliminating the idea not to consider, at least for the
specific case in analysis. Concepts generated can still be used in databases
for future works, since they can be used in analog projects but with different
boundary conditions.
4.1.1 File method
The first method used during the PhD studies was the file method. It was
mainly used for organizing new concepts developed by the research group and
already existing grippers for the RobLog project. The file method consists of an
information sheet of each concept. It contains the most important information
for the area of interest, including bibliographic references in order to facilitate
the acquisition of more detailed data. It is conceived for helping the user in
identifying if the system described in the file can be used for his goal or not.
This is a bottom-up method, since it gives detailed description of each
concept, but still leaves the responsibility of choice to the user. This selection
method thus leaves margin for subjective evaluation, but it is really helpful
if the set of concepts to decide within is small. In fact, the user has not an
immediate vision of which are the concepts that better satisfy his needs, but
can gather much more information that can be used also for different projects.
The information contained in the file can vary depending on the type of
object. Since the file method has been widely used for the sorting of grippers
for the RobLog project, hereinafter will be referred to this specific case, once
again taking into account that the method is valid for whatever field of research
and industry, only varying the information contained in the datasheet.
Usually, the first information included in the datasheet is the name of the
gripper or of the grasping principle. The following lines report the image
(when available) of the system, the grasping principle, the description of the
system and how it works and the references. Many other information can be
added, like the use of keywords or the decomposition of the functioning us-
ing functional words for the implementation in automated or semi-automated
systems.
As said above, the template for the File method classification can vary
significantly depending on the purpose of the classification. For instance, the
table used for classifying a gripper for the RobLog Project is shown in Fig-
ure 4.1. In the specific case it was of interest to describe the functioning of the
gripper using functional verbs and keywords, rather than indicating which was
the working principle. The main advantage of this selection method is that it
does not require the prototyping of concepts, since no scores are required for
filling the files, even though the testing of the concept can help in improving
the accuracy of information contained in it.
4.1.2 Matrix method
The matrix method is a qualitative way of classifying concepts. It has also been
used by Fantoni in his recent CIRP Keynote paper [56]. In the columns, the
main properties of interest are reported, in order to check if the concept is able,
and in which qualitative level, to satisfy them. It is a top-down method, since it
returns an overview of the concepts collected in a table, thus allowing a direct
comparison of the alternative solutions. Like the file method it does not require
the testing of the prototypes, since scores can be assigned at a qualitative level.
This method is also at the basis of the expert system described in Sec-
tion 4.2, since it provides the information the system uses for gripper selection
from the database.
An example of matrix is shown in Figure 4.3, where each line refers to a
gripper or grasping principle, while the columns indicate, in a qualitative way,
the capability of grasping objects with well defined properties. In some case
the match between line and column is a True or False output (T or F in the
table). In other case it can be described in a more articulated way, such as very
low, low, medium, high and very high (respectively VL, L, M, H and VH). In
addition to the properties of the gripper, other fields report the references that
may facilitate the user in finding more information.
As already said above, since the scores are qualitative or boolean values,
it is possible to assign a value to each concept without the need to build any
prototype, even though the testing of prototypes could be helpful in assigning
more accurate scores.
4.1.3 Weighted matrix
The problem of selecting the best option among a set of alternatives, can be
identified as a general Multiple Attribute Decision Making (MADM) criterion.
Usually this method present the following main characteristics [57, 58]:
• multiple but finite number of alternatives;
• a level of achievement of the attributes is associated to each alternative;
• final selection of the alternative is realized by a comparison between
attributes.
Figure 4.1: The File method used for classifying a gripper for the RobLog
Project.
The MADM criterion is a top-down method, since starting from a set of
alternatives it returns a ranking of the alternatives. In this case it is necessary to
test at least the pretotypes of the invention, since each property of interest has
to be scored for each gripper. The advantage is a higher level of accuracy and
a lower level of subjectivity, while on the other hand is high time consuming
and may require a small investment for the building of pretotypes.
Until now, the MADM problem solving is done, for concept selection pro-
cesses, following two methods with a different level of accuracy. The first
method is more qualitative, such as the one presented for the selection of grip-
pers for automated handling of non-rigid parts by Seliger [59], and still implies
a considerable influence of human factors on the spotting of the final solution.
More analytical and automated systems have been developed, based on the
TOPSIS method, like the ones proposed by Agrawal [60] and Bhangale [61].
For these systems the output is a numerical ranking of the solution. However,
while the first system developed by Seliger uses an user-friendly approach, the
second ones are very complex and the result may still be affected by the user’s
sensibility.
The Simple Additive Weights (SAW) method [62] reduces the influence of
subjectivity on the result of the output. A Decision Maker (DM) assigns impor-
tance weights to each attribute. To reflect the DM’s marginal worth assessment
within attributes, the DM also makes a numerical scaling of intra-attribute val-
ues. The DM can obtain a total score for each alternative by multiplying the
scale rating for each attribute value to the importance weight assigned to the
attribute, then summing these products over all the attributes. After the total
scores are computed for each alternative, the alternative with the highest score
(the highest weighted average sum) is the one prescribed to the DM. The at-
tributes and their votes are provided by a high number of evaluators, with the
weights chosen by the specific DM. Different scales can be adopted: linear
(e.g. 1, 5, 9) and logarithmic (e.g. 1, 3, 9). The group of evaluators is in-
tended to be heterogeneous and consisting of people with different experience
in the specific considered field (for example engineers, technologists, produc-
tion managers, marketing managers). The higher is the number of evaluators,
the lower is the subjectivity of the ratings. To further reduce subjectivity, peo-
ple who consciously or unconsciously can lean toward the choice of a particu-
lar gripper (e.g. the inventor) have to be excluded from the evaluation process.
More recently, other approaches for new products development are the
ones proposed by Montagna [63], where the author investigates the integration
of tools that facilitate communication, the interpretation of different individual
visions and collective problem structuring with tools that analytically study the
process activities of new product development. Montagna proposes a hybrid
approach for the systematic integration of tools from different perspectives,
where typological decision-aiding situations are recognized and modeled, and
where context and communication in design are considered.
The method described above has been applied to the RobLog case (Sec-
tion 5.1), that will be analyzed in Section 5.1.
4.2 Expert system for grippers concept selection
Because of the wide variety of objects manipulated in industrial processes,
many different grippers, based on different principles, have been developed
both in industrial and academical field. Gripper choice or gripper design is of-
ten considered the last problem to be solved when a process is automatized. In
this way the choice is often a compromise solution, or only the most common
grippers are adopted to satisfy the task. Given the task to be accomplished
and the growing variety of grippers and strategies, the selection of the most
appropriate gripper is not only difficult because of the wide variety of existing
grippers but because the existence of incompatibilities with some requirements
characterizing of the operation. Thus a certain level of rejects due to bad han-
dling may be accepted even if they are caused by the erroneous choice of the
gripper.
For an industrial company or a research team in a research institute the
adoption of a new kind of gripper could improve the duty cycle of the opera-
tion, the reliability of the whole system and reduce the cost. The present work
investigates a methodology for supporting the selection of the grippers able to
accomplish a determined task.
4.2.1 Background of expert systems for grippers selection
Since human beings are very familiar with object prehension, the process of
automatizing the grasping of an object is often underestimated. In fact when
objects have to be grasped in an automatic way, many problems arise: many
depend on the object physical properties (e.g. porosity and deformability), but
also the conditions in which the object is fed and the characteristics of han-
dling, positioning and releasing increase the complexity of the gripper choice.
Parts correctly fed require a less versatile gripper, while in bin picking situation
the gripper has to properly grasp pieces with different positions, orientations,
part tangling, etc. Similarly, high accelerations, reorientations, high precision
releasing etc. during the handling phase, increase the constraints in the gripper
design or choice.
The main methods for Design For Assembly (DFA) are the ones proposed
in [64–66]. The candidate observed many workers during assembly to com-
pute assembly times, handling difficulties, physical and geometrical charac-
teristics of the parts, insertion difficulties and other aspects of the assembly
phases. Moreover they interviewed many experts in order to understand how
to overcome specific assembly problems, and finally arranged all the relevant
information in the DFA framework.
The central problem of any new DF-X is the definition of the key design
parameters influencing the quality of X. Such parameters should supply indi-
cations about a good design and must be easy to be measured in the first con-
ceptual phase of the product development. Parameters must also be objective,
accurate and easy to be understood [67].
Many of the solutions adopted in DFA techniques have been useful dur-
ing the development of the present work, in particular issues related to Han-
dling difficulties, Feeding problems and Placing represented the baseline of
the analysis. Another valuable contribution comes from the DFH (Design For
Handling) techniques, which aim to redesign the object in order to be easily
handled from automatic systems [68].
Although the grasping phase is already taken into account in the DFA, a
specific tool to evaluate alternatives grippers does not exist nowadays. Some
preliminary efforts have been done by FESTO, that developed a selection sys-
tem for its mechanical grippers.
A general tool that helps the designer in the selection of the proper gripper
in case of objects with different dimensions, characteristics, and handling con-
straints does not exist at present. Its development implies many issues, such
as the identification of key parameters, the organization of the grippers in a
database, the analysis of correlations among parameters and the collection of
design rules.
4.2.2 Methodology
The methodology works interacting with the user through a series of ques-
tions concerning the object, the handling operations and other possible require-
ments. It also aims to help the user into the selection of the suitable grasping
principles relying on a predetermined set of parameters and rules.
Parameters, which describe the problem, have been investigated, defined
and finally selected with the purpose to consider all the phases in which the
gripper is involved: feeding, grasping, handling and releasing. Also the robot
which manipulates the gripper influences gripper capabilities and therefore its
proper choice. However, this introduces another degree of complexity which
cannot be evaluated at this stage of the analysis.
4.2.2.1 System Logic
A deep analysis of the DFA techniques [64] helped to define part of the struc-
ture, the logic and the parameters connected to warnings and advice.
In Figure 4.2 the decisional steps of the methodology are briefly synthe-
sized. Steps involving releasing strategies and compatibility check are mainly
for micro-parts. In fact, in assembly processes dealing with micro-components
(components with a size in the range between 10 µm and 10 mm) the adhesion
forces (electrostatic, Van der Waals, surface tension and viscous forces) are
usually neglected. Thus gravity and inertial forces [69] become less relevant
than at the macroscale. In fact the releasing phase of a micro object could be-
come really challenging due to adhesion between the object and the tool [70]
thus requiring specific releasing strategies. Fantoni and Porta [49] collected the
main releasing strategies at microscale and defined the compatibility between
releasing strategies and grasping principles.
The parameterized description of the problem (filled by the user) and the
set of rules (gathered by the literature analysis) constitutes the input, as shown
in Figure 4.2. The input is responsible for the exclusion of unfeasible grasp-
ing principles and releasing strategies which are automatically selected from
pre-defined lists. Then the compatibility between grasping principles and re-
leasing strategies is double checked in order to avoid improper selection of
grasping-releasing couples. The output is composed of the list of appropriate
grasping principles together with possible warnings, advice and environmen-
tal requirements. Furthermore, for each selected grasping principle, a list of
specific minimum requirements is given in order to enable automatic searches
into the gripper database.
4.2.2.2 Parameters
Parameters can be assigned to two different macro categories: the first one
describes the object properties, while the second describes the operation.
The first macro category includes physical and geometrical properties of
the workpiece. The second one is divided into three categories:
• placing (e.g. high precision alignment);
• feeding (e.g. oriented/unoriented state of the fed object);
• handling (e.g. lifting, moving, reorienting).
Parameters can be Boolean or multi-valued. Boolean parameters, e.g. sen-
sitivity to liquid, can assume two opposite values: True or False. Conversely,
Figure 4.2: Scheme of the logic of the expert system.
multi-valued parameters, e.g. stiffness, are defined to evaluate different lev-
els of the considered parameter (at least three different levels: Low, Medium,
High). A correlation analysis between parameters allowed to verify the coher-
ence, to establish a proper order and to avoid possible contradictions.
However, some parameters cannot be evaluated in the input phase, such
as the grasping direction and the need of a monitoring system, since they are
strictly linked to the specific grasping principle adopted and therefore recur-
sive.
In Table 4.1 parameters are related to physical and geometrical properties
of the object, or with the operation phase where they are mostly involved. Even
if parameters have been studied in order to be decoupled and to belong to only
one category. However in some cases this has not been possible (e.g. stiffness
is related both with physical and geometrical properties).
Many of the parameters are self-explaining, while others require the defi-
nition of their application field: Hygienic requirements concern the types of
products which have to meet specific standards about contamination levels
allowed; Sensitivity represents how an object can be influenced by different
elements, such as liquids, dust, heat etc.; Predetermined position is needed to
establish whether the system knows the exact object position; Regular curved
surface has been introduced in order to define if the surface, even if not planar,
is suitable for grasping; Toughness evaluates both traction and compression
resistance. Furthermore, it is necessary to distinguish between Oriented state,
which represents whenever the workpiece is fed already oriented or not, and
Orienting, which implies that the gripper has to change the workpiece orienta-
tion into a different state than the initial one.
4.2.2.3 Rules
At this step the methodology needs for a specific set of rules. Rules work
according to the problem described through the set of parameters and can be
organized into three different categories:
• Exclusion rules: they exclude one or more grasping principles or releas-
ing strategies;
• Warnings: they warn the user about how the operation should be done or
what should be avoided. For instance recommend to avoid high acceler-
ations, or the warn about the need of a monitoring sensor when dealing
with very fragile objects;
• Advice: they advise the user about the opportunity of redesigning the
workpiece in order to make it more suitable for automated handling.
At this stage the rule list counts around 200 items: mostly exclusion rules.
4.2.2.4 Gripper Database
Two hundred and fifty papers have been collected in a database. Each paper
has been matched with the parameters shown in Figure 4.3. Each cell contains
the value of the parameter, if the experiment shown in the paper presented such
an information, otherwise the corresponding cell was left empty.
Generally papers describe a specific scenario where a novel gripper is
tested with a small set of possible objects. Therefore it is not uncommon that
many parameters cannot be easily deductible, then the table results to be quite
sparse. This, is partially mitigated by the high number of papers contained in
the database. The lack of standardized data in technical documentation repre-
sents the counterpart from the industrial side. This limit becomes more relevant
when dealing with the most recent and innovative grippers or grasping princi-
ples, making a detailed, complete and coherent population of the database not
possible.
Figure 4.3: Matrix for the classification of grippers.
4.2.2.5 Case studies
The reliability of the proposed methodology has been validated through two
case studies: the first one is a standard pick and place operation of a simple
mechanical part, while the second one concerns a more complex scenario: the
object is a fish fillet and the operation misses an appropriate feeding process.
Exemplary case The object to be manipulated is a steel cube of edge length
of 51mm. On the faces there are very small drilled holes, whose area covers
more than 50% of the total surface available. The weight of the object is 330 g.
The selected grippers for the required operations are the ones belonging to
the following categories:
• friction two fingers;
• friction jaw;
• magnetic.
Other grippers have been excluded mainly because of the shape and the
density of the object. Others, such as the suction ones, have been excluded
because of the presence of holes. Since the diameter of the holes is 2 mm, thus
expansion grippers cannot be used for grasping.
It is interesting to note how three fingers grippers have been excluded,
even if belonging to the friction ones, since the grasp is not stable because of
the object shape.
Validation - Food For the validation of the methodology a fish fillet has been
chosen since it embodies a series of characteristics (such as fragility, deforma-
bility, sensitivity to contamination, wettability) that makes it not suitable for
automatic grasping. The fish fillet size is 50×65×25 mm and weighs approxi-
mately 80 g.
The operation consists in a pick and place where the object is fed through
a conveyor, in a random position and orientation, and subsequently it is placed
on another conveyor without any specific orientation. The selected grippers for
the required operations are the ones belonging to the categories in Figure 4.4.
For the friction gripper, a grasping force of 2.35 N has been defined as
the minimum value to efficiently hold the object in case of small accelerations
during the handling phase. For this type of gripper, some design advice are
given, as for example the minimum finger stroke and minimum finger length.
Furthermore (i) a vision system to recognize object orientation and position
is needed, and (ii) every gripper must also be designed to meet the hygienic
standards required. Electrostatic and Van der Waals grippers have been ex-
cluded due to the presence of water which significantly reduces their grasping
force [71]. Similarly, capillary and acoustic grippers have been excluded due
to the low grasping force related to object shape and density.
Validation - Liquid glue Small bags filled with liquid (glue) are transported
through a conveyor belt and at the end must be packed in a card box. At the
present the packaging operation is performed manually.
Figure 4.4: Warnings concerning the chosen grippers for the validation case
study.
The polyethylene bags are sensitive to scratches, are slippery, deformable,
sensitive to heat. The bag size is 300×200×25 mm and its weigh is approxi-
mately 450 g. The automatic operation consists in picking the object and plac-
ing it in the box.
Mechanical friction grippers have been excluded owing to the deformabil-
ity of the sack and to the slippery condition of its surface. The presence of
water and the industrial environment prevent the use of electrostatic and van
der Waals grippers. Bernoulli or Coanda grippers cannot be used owing to the
deformability and weight of the object. Also in this case capillary and acoustic
grippers have been excluded due to the low grasping forces they can exert.
Vacuum grippers could be adopted even thought their reliability reduces
when the object deforms. Form grippers as for example the fork grippers can
be adopted. The solution is well known and many industrial end-effectors have
forks to handle sacks, bags, etc..
However another gripper seems to have the ability to grasp the flexible bag:
the Switle R©. It is a friction gripper similar to a shovel. It behaves as a shovel
and as a conveyor belt simultaneously. It is formed by an advancing-retracting
spatula covered by a textile belt. The Switle R©approaches the object, then the
spatula advances and the belt is spread below the object without (almost) any
friction. The gripper is moved with the object on top, located in the final posi-
tion and the process is performed backward: the spatula is retracted, the belt is
winded on again and the object released. The Switle R©grasps and handles very
soft and deformable objects (even in sol or gel state) without modifying their
shape.
Validation - Lightweight wood inlay For producing inlaying works, wood
parts are obtained from foils through laser cutting. Each single part has to be
grasped and located in the right place to form the final inlay.
The main problems are: the parts are rigid but tangle with the surrounding
elements (parts or debris), the only access is from the top and the surface is
partly porous. Mechanical fingers and form grippers cannot be used owing to
the presence of lateral parts. Electrostatic and electromagnetic principles does
not work with wood, vacuum does not match with the porosity characteristic.
Needle gripper can be used but particular attention have to be paid to scratches
and imprints. Thermoplastic glues (Liquid-Solid transition grippers) can be
exploited as well as no contact handling systems as for example Bernoulli
grippers [56] or ultrasound grippers. Due to the porosity of the part vacuum is
not the best choice from an economic point of view but, neglecting the waste of
energy it can be successfully used as it has done in case of green tapes in [72].
4.3 Conclusions
In this Chapter, the logic of expert system for gripper selection is presented.
Even if the case refers to gripper selection, this logic can be extended to any
other case where the selection process has to choose a set of possible solution
among a list of alternatives included in a database. Obviously, for different
cases, the set of rules and parameters change depending on the field of use.
At the present moment the system adequately defines the grasping principles
capable to perform the required operation together with some fundamental rec-
ommendations. However, finding a way to evaluate every possibility, including
the variability of the objects, still requires further study and work that could be
done iteratively. Since the system is based on a set of rules that can be easily
updated, in future it could work as a self-learning system. This turns into an
increase in terms of effectiveness and efficiency.
Many other selection methods, or systems for organizing prototypes have
been analyzed during the studies, and three of them, the most used for the PhD
activities, have been presented above. Some of them, like the file method, are
useful for listing the properties of a concept, while other are more suitable for
the selection of concepts from a set of alternatives. It is possible to distinguish
between a top-down and a bottom-up approach: the first one, which includes
the weighted matrix method, starts from a set of alternatives, and by setting
some parameters and analyzing the properties of the concept, returns a ranking
of the alternatives. It is then suitable for a numeric output, since it tries to
limit the subjectivity of the user during the selection process. These methods
are really powerful, but usually cannot disregard the test phase of pretotypes,
since a numerical score of the characteristics of interest is required.
Other methods, like the file method, belong to the bottom-up selection pro-
cess: starting from the analysis of each alternative, the user gather information
about each concept. By operating this way, the choice can be made considering
all the main aspects of interest of each alternative. One of the main drawbacks
is the subjectivity of the user in the choice.
Between the two approaches described above, a third methodology, de-
nominated matrix method, is useful for classifying grippers in a way that is
more intuitive than the file method, but less detailed than the weighted ma-
trix method, since it is based on qualitative scores of the properties of interest.
Since scores are qualitative, this classification and choice method can avoid
the test of concepts and can be based only on assumption of the concept func-
tioning.
Table 4.1: List of the parameters related with the corresponding categories.
.This Chapter was partially based on the following publications:
- G Fantoni, S Capiferri, and J Tilli. Method for supporting the selection of
robot grippers. Procedia CIRP, 21:330–335, 2014. [4]
- J Tilli, A Brando, and G Fantoni. Gripping device for heavy and de-
formable materials handling: Concept, design, selection and test. Procedia
CIRP, 21:373–378, 2014. [5]
Chapter 5
Case Study
This Chapter presents a selection of the projects carried out during the PhD
studies. Each section presents a project whose output was the manufacturing
of a prototype, and highlights the problems that were encountered during the
manufacturing and the test of prototypes.
5.1 The RobLog Project
Processes requiring the handling of heavy and deformable objects are becom-
ing more and more common in the sector of production and distribution of
goods. Common examples of deformable items are cardboard boxes, tires and
coffee sacks, whose manipulation is generally conduced manually, since auto-
mated systems able to deal with them are really challenging to be developed.
Therefore, occupational safety, workers’ diseases and economical problems
arise.
This issue is getting so important that the European Union has financed
the RobLog project [15], which supports the development of a completely au-
tomated container unloading system.
5.1.1 Object to grasp
One of the most challenging goods to be unloaded are coffee sacks, since they
weigh up to 75 kg, and are made of jute sacks filled up to overflowing. Due to
these characteristics, the human labor is a high cost factor and, combined with
unhealthy working conditions, makes automated solutions highly desirable.
Thus, the objective of this work was to design a set of concepts and to
select the best ones to be engineered, exploiting a simple but effective proce-
dure. To establish a repeatable procedure, the inner and outer materials, the
dimensions, the weight have been fixed: the tester is a jute sack filled with cof-
fee beans, whose dimensions do not exceed the bounding box 900 mm width,
600 mm depth and 300 mm height, and a weight of about 75 kg. Furthermore,
the maximum diameter of the hole that can be created on the sack is fixed in
15 mm.
5.1.2 Concepts
As said above, one of the main drawbacks about coffee sacks grasping is the
absence of a significant number of reliable grippers available on the market for
this kind of good. The small number of concepts that can be found in literature
does not allow the use of MADM methods for the selection of grippers, neither
the expert system proposed in Section 4.2 (also strongly based on scientific lit-
erature and technical documents). Thus the authors decided to develop a series
of concepts, in order to build a database and to apply the method proposed
in Section 4.1.3. The technique used for the design of the grippers is the one
described in Chapter 3 and based on the Design for Analogy.
The prototypes illustrated in Fig.5.1 are described below, and are intended
to be used for grasping tests, useful to evaluate the capabilities of each gripper
to grasp and to lift or drag the heavy and deformable objects which are present
in the RobLog project scenarios.
Parachute and umbrella gripper These grippers exploit the interaction be-
tween their surface and the inner material (in case of the parachute gripper)
or their surface and the fabric of the sack (umbrella gripper) of the object to
be grasped. The first consists of a tough fabric and wires, while the second is
realized like the inner structure of an umbrella.
Frontal rotatory gripper The system consists of an external cage rotating
around the main axis of the gripper. Three inner stapled cylinders rotate both
around the same axis of the cage and around their own axis. The rotatory speed
around their axis is lower than the one around the main axis, so that the staples
does not damage the jute.
Sewing gripper A coil metallic spring is sewn, using a rotatory electric mo-
tor, on the material to be grasped. At the same time the spring translates along
its axis. The coil is engaged both with the surface of the target object and with
a driving support.
Cam gripper It is an intrusive gripper, whose grasping property is due to
the contact between two or more metallic retractable shelves of the gripper,
and the walls of the object to be grasped.
Reverse scissors gripper The gripper consists of two hinged shelves which
can rotate. When the shelves are closed (that is, over layered one to the other),
the gripper can be inserted into the object. Then the shelves are rotated into
the open position and kept firm.
Inflatable gripper The gripping behavior is achieved by the expansion of
an elastic membrane due to the air pressure on its inner side. In the inser-
tion/extraction configuration, the elastic membrane is perfectly fitting the chas-
sis. When the gripper is inflated, the elastic membrane expands inside the
object grasping it.
Actuated angle needle gripper It is inspired by commercial solutions, which
are used for the grasping of fabrics and textiles, such as the Schmalz gripper.
Extending needles pneumatically actuated extend from two cylinders, pene-
trating the surface to be grasped. An actuator varies the angle between the
axes of the two cylinders to tight the grasped surface.
Conveyor gripper and Hook stapled tissue The contact surface of the good
to be grasped slides directly over the rolling elements (conveyor gripper), or
is carried by an interposed layer of material (stapled tissue). The system
is pushed toward the target while the conveyor or the stapled tissue moves,
pulling the object onto the conveyor system.
Linear and rotatory double hooked A linear actuator is connected by a
slide to two crank mechanism that end with two hooks. The resting position
for the hooks is the opened one and, once the system is actuated, the hooks
rotate around their axis, thus grasping the target.
Another concept developed is the Shovel gripper, which uses four translat-
ing plane elements, pneumatically actuated, with alternate motion. The shov-
els move in opposite direction by groups of two. Triangular shaped profiles
(a) Umbrella gripper (b) Frontal rotatory
gripper
(c) Sewing gripper
(d) Cam gripper (e) Reverse scissors (f) Inflatable gripper
(g) Actuated needle
gripper
(h) Hook stapled tissue (i) Rotatory double
hooked
Figure 5.1: Concepts of the Gripper.
are mounted on the translating elements, resulting in a different friction be-
havior of the translating elements in the two opposite directions (low friction
while entering, high friction while extracting). The singular gripping element
is shown in Figure 5.2.
Among the concepts presented above, the ones to be developed have been
selected through the use of the SAW method described in Section 4.1.3, to
determine the most promising concept to be developed.
The parameters which generally influence grasping are widely discussed
in [56,59,73]. In this particular case, the parameters taken into account are re-
lated to: (i) graping capabilities, referring to the ability of the gripper to grasp
a certain type of material (jute in the present case); (ii) duty cycle, which con-
siders the time for grasping and release; (iii) damages on the grasped object,
that represents the maximum dimension of the hole created on the grasped sur-
face, if any; (iv) influence of environmental factors such as presence of dust
Figure 5.2: Single element of the Shovel gripper.
and humidity on grasping reliability. The scores considered for each parameter
are the average of the scores given by the evaluators. The average smooths the
unaligned votes while the mean “opinion” is considered the central point of
the assessment.
All the data have been modified so that the highest is the value of a certain
property, the best is the ranking. For instance, the duty cycle has been consid-
ered as the inverse of the time needed for a certain operation, thus the highest
value is the one of the gripper with the minimum duty cycle. The values that
can be assigned to votes and weights are summarized in Table 5.1.
The maximum value of the weights does not alter the value of the weighed
scores, while the minimum weight is very low but still nonzero. On the other
hand, the scores are distributed on a logarithmic scale, except for the lowest
value, which is low but still nonzero. This is necessary because of the mathe-
Table 5.1: Values chosen for the votes and weights to be assigned.
Votes Weights
9 good 1 very important
3 medium 0.1 important
1 bad 0.01 neutral
0,1 not suitable 0.0001 insignificant
Table 5.2: Ranking of the grippers. The symbols meaning is the following: = highly recommended H#= recommended #= not recommended
Ranking Evaluation Gripper
1  Shovel gripper
2  Actuated needle gripper
3  Inflatable gripper
4  Linear hooked
5  Hook stapled tissue
6  Cam gripper
7 H# Reverse scissors
8 H# Frontal rotatory
9 H# Hook gripper
10 H# Sewing
11 H# Needle gripper
12 H# Rotatory hooked gripper
13 # Umbrella gripper
14 # Parachute gripper
15 # Conveyor
matical algorithm beyond the selection process method, which would suffer a
sparse matrix.
The final score of each gripper is the sum of all the weighed values of each
gripper. However the numeric value of the selection has been converted into
a symbolic output in order not to influence the user. The numeric output of
the selection has been converted, in order not to influence excessively the user,
into a symbolic outcome, which is helpful for the selection of the gripper.
As it can be noticed from Table 5.2, few grippers belong to the highly
recommended class, and among these, the one chosen for the development
was the Shovel gripper. A picture of the prototype is shown in Figure 5.3. The
prototype has been manufactured and tested, in order to evaluate its grasping
capabilities.
Figure 5.3: Prototype of the Shovel gripper.
5.2 Jamming finger
The goal of this work was to create a prototype of pneumatic actuator based on
jamming technology to be used in robotic manipulation. The actuator belongs
to the class of Pneumatic Flexible Actuators: the pressure is used to control
the bending of the gripper while the jamming technology is used to increase
its stiffness. The idea was generated with the Design by Analogy described
in Chapter 3, and the prototyping phase aimed at validating the suitability of
the concept for the research purposes. The work presents the characterization
of a pneumatic actuated finger with a jamming system to increase its stiffness.
The actuator is composed of two active chambers responsible for the bending
and a third one where jamming happens. An increase in terms of force vs.
displacement is expected comparing the jamming finger to the standard one.
5.2.1 Background
Nowadays a new class of robots and gripper is emerging: soft robots pneu-
matically actuated. Actually, even if some examples of inflatable grippers can
be found in the market (Figure 5.4a) many applications appeared in the last
ten years. Soft pneumatic grippers for handling fruits and delicate objects as
in [74] (Figure 5.4b and Figure 5.4c) have been followed by many examples
where the number of fingers increases [75]. Actually, thanks to a single source
of actuation and few valves is possible to control also complex multi-finger
structures [76] (Figure 5.4d). A review of them appeared recently in [75].
Pneumatic flexible actuators are often located in sets of bellows organized
in regular patterns where elastic structures perform one-directional (pushing)
action each. Through the composition of their movements both steering and
bending can be achieved. They are either made out of a very thick walled rub-
ber tube or they require external reinforcement to appropriately direct force in
longitudinal direction. This type of actuation is used only rarely for robotic
actuation. One of the most famous is the flexible microactuator (FMA). It has
long tradition: in 1991 Suzumori et al. [77] developed this new type of pneu-
matic rubber actuator with 3 degrees of freedom (DOF) whose mechanics have
been analysed theoretically and through finite elements [78]. Suzomori et al.
adopted the micro actuator in a pneumatic four finger hand that demonstrated
interesting capabilities of both pinching and power grasping.
Such a structure and actuation strategy has been used also during the last
years in several pneumatic hands, but the full potential of the technology has
been exploited at industrial level in colonoscopies for examples by Era En-
doscopy S.r.l. [79]. For such a reason we decided to use the mass produced
actuators by Era Technology.
The jamming gripper [80] is formed by one or more elastomeric chambers
filled with granular materials. It is characterized by the possibility of changing
its state: from soft and deformable to rigid, depending on the vacuum applied
inside the gripper itself. Actually the vacuum compacts the granular material
contained inside the chambers, increasing the contact force within the grains.
The highest is the contact force, the most rigid the gripper becomes. The grip-
per (often in form of a single balloon) is deformed around the object to be
grasped while it is in the soft state. Then vacuum is created, and the gripper
becomes rigid, enabling the grasping of the object. The most interesting fea-
ture of the jamming grippers relies on the ability of grasping many different
shaped objects since it mix form closure (soft state) with force closure (jam-
ming state).
Another type of jamming gripper is the jamming gripper for roof tiles de-
veloped at BIBA. This gripper has to handle batches of tiles, prohibiting the
relative movement between the tiles themselves. The end-effector has a two
fingers which pulps are build up by very tough tubes, filled with granular poly-
meric pellets, and connected to a vacuum ejector. The two halves of the gripper
are moved to the batch, making them to adapt to the shape of the batch itself.
The air is removed from the tubes, and the contour is fixed. This way it is
possible to create a universal form closure independent from the shape of the
grasping object. Recently, Stletz et al. (2010) presented a Jamming Modu-
lated Unimorph (JMU) actuator (Figure 5.4e). It is composed of a single linear
actuator and a discrete number of jamming cells, that steer the actuator when
activated selectively. That way the 1 degree of freedom (DOF) linear actu-
ator has been turned into a multi DOF bending actuator. Even if the JMU
application is oriented to locomotion of soft robots, the numerous analogies at
structure level with the presented fingers have to be underlined. Actually both
the JMU and the jamming finger are cylindrical actuators with three radial
chambers and make use of jamming technology. However, while in JMU the
jamming is used to steer the actuator, in jamming finger it is used to increase
finger stiffness while inflation drives the steering.
5.2.2 Structure of the finger
The main structure of the finger is manufactured by Era Endoscopy S.r.l., and
consists of the terminal part of the instrument for colonoscopy developed by
the company. The outer chamber of the finger is made of a silicon rubber
Figure 5.4: (a) 3-fingers Hygienic Design gripper; (b) 3-fingers Hybrid Grip-
per; (c) 3 fingers fruit-harvesting hand; (d) 5-fingers compliant hand based on
pneumatic actuators; (e) Jamming Modulated Unimorph (JMU) actuator.
tube, reinforced with a built-in fiber inside the outer chamber. The body of
the finger has three longitudinal chambers, each chamber being 120◦ of the
circumference. The structure of a finger is similar to the one proposed by
Suzumori et al. [77].
Two of the chambers are used for the actuation of the finger through the use
of compressed air. The enclosure direction depends on the pressure exerted in
each chamber, but for these experiments, the same pressure is applied in both
of them. The third chamber is filled with granular material, and is responsible
of the jamming part of the gripper. A permeable membrane confines the grains
inside the chamber, avoiding the obstruction of the channels for the air extrac-
tion. When air is extracted from the chamber, the granular material compacts
itself, then the finger changes its behavior, becoming stiff.
The outer membrane is modified in correspondence to the chamber respon-
sible of the jamming behavior. To allow the silicon to collapse on the granular
material contained inside the chamber, the outer membrane is made thinner,
so that the coil is not included any more inside the silicon matrix (Figure 5.5b
and Figure 5.5c). When vacuum is applied, the outer membrane compacts the
granular material, making the finger stiff. Three tubes come out from the base
of the finger. The two tubes for inflation of the chambers are connected to a
manometer, so there is the possibility to control the pressure of actuation. The
other tube is connected to a vacuum pump for the extraction of air from the
jamming chamber.
Figure 5.5: Left Structure and component of the endoscope; Right Experimen-
tal set up; bottom The three actuators: (a) standard endoscope (b) modified
endoscope and (c) jamming finger.
5.2.3 Experimental setup
The experimental setup for testing the contact force between the finger and
a target. The target is mounted on a load cell, while the relative position of
the finger has three alternatives, as shown in Figure 5.5. The experimental set
up is composed of a micro positioning system (Micos VT-80: stroke 100 mm;
precision 0.5 µm; bidirectional repetability 10 µm), a load cell, an interface for
holding the actuators and a Teflon slider to measure only the vertical compo-
nent of the force. The experimental device is endowed with a load cell (Mi-
cro Load Cell (0-780 g)-CZL616C from Phidgets, Calgary, Alberta, Canada)
placed on the basis of the device to record the normal force exerted by the fin-
ger interacting with a base plane. The sampling rate of the load cell is 0.01s
(100 Hz).
The force measurements have been performed in dynamic conditions. Each
actuator was:
1. bent at different pressure levels
2. jammed
3. moved toward the load cell at a speed=0,1mm/sec
The positioning system moves the actuator by 10mm. When the tip of
the actuator touches the Teflon slider the load cell starts measuring the force.
The Teflon slider reduces the stick-slip effect due to the motion of the actuator
against the load cell surface.
Tests have been performed on: a) the standard actuator (endoscope), b) a
modified version without granular material inside and c) the jamming finger
(see Figure 5.5a-b-c).
To estimate the effect of jamming varying the bending of the finger, two
chambers have been inflated at four different pressure values while the third
chamber was left passive (Figure 3 left column) or subjected to vacuum (Fig-
ure 5.6 right column).
The levels of the actuating pressure were: 0 bar (not inflated) (Figure 5.6a
and Figure 5.6b), 0.5 bar (Figure 5.6c and Figure 5.6d), 0.75 bar (Figure 5.6e
and Figure 5.6f) and 1 bar (Figure 5.6g and Figure 5.6h). Each experiment has
been repeated 5 times. The same experiment has been used to estimate how
the jamming increased the grasping force of the jamming finger.
5.2.4 Experimental results
Results from the dynamic experiments performed are shown in Figure 5.7.
The pictures show a comparison of the force when no vacuum is applied and
when it is. The absence of vacuum puts in evidence the influence of the outer
membrane on the maximum contact force that can be exerted. The modified
endoscope and the jamming finger generate the same contact force, because of
the modification of the outer membrane, while the force created by standard
endoscope is higher, owing to the presence of a thicker membrane in corre-
spondence of the vacuum chamber.
Vacuum modifies considerably the behavior of the jamming finger. The
standard and the modified endoscopes do not vary significantly the value of
force exerted in the same range of displacement, while in the jamming finger
the force increases in a significant way.
Values of force exerted at the stroke of 5 mm (with vacuum applied) are
reported in Table5.3.
It is interesting to note that: (i) when the actuation pressure is low the
predominant effect is due to the jamming principle; (ii) conversely, when the
Figure 5.6: Figure 3. Bending at different pressure level. Vacuum not applied
(left column): a) 0 bar, c) 0.5 bar, e) 0.75 bar and g) 1 bar. Vacuum applied
(right column): b) 0 bar, d) 0.5 bar, f) 0.75 bar and h) 1 bar.
actuation pressure increases the main responsible of the force exerted is not the
jamming, but the structure of the finger itself.
Another key reason why the effect of jamming decreases when the struc-
tures bend themselves, is the elongation of the chambers. Actually, when
the pressure is increased in the inflation chambers, they change their length,
modifying also the length of the vacuum chamber. This reduces the effect of
jamming, since the volume of granular material contained inside the chamber
remains the same, but the volume in which it is contained is modified.
The effect of jamming is important: the comparison of the force exerted by
the same structure with and without jamming material inside showed the force
exerted is considerably higher when jamming is active.
Moreover the effect of jamming is considerably higher at low bending ra-
Figure 5.7: Comparison of the force exerted by the finger when vacuum is not
applied (top) and when vacuum is applied (bottom).
Table 5.3: Numeric data for the force exerted by the endoscopes and the jam-
ming finger at the stroke of 5 mm (vacuum applied).
Standard Modified Jamming
Endoscope Endoscope Finger
p = 0.00 bar 0.29 N 0.20 N 0.41 N
p = 0.50 bar 0.21 N 0.11 N 0.26 N
p = 0.75 bar 0.38 N 0.25 N 0.33 N
P = 1.00 bar 0.42 N 0.31 N 0.34 N
dius of the finger than at high bending ones. In the first case the influence
of the structure of the finger is lower than the in the second case, making the
effect of jamming more evident.
5.3 NineSigma Project
The research group decided to participate to a proposal of NineSigma [81],
where a global engineering and automation company, invited proposals for on-
demand switchable adhesion technology. One of the main goals of the project
was to create grippers able to rapidly pick up objects on one side, transport
and release them. Since the adhesion technology had to be switchable, the re-
lease had to happen by reversing the adhesion/gripping effect, or using physical
properties of the grasping system in order to release the object. The require-
ments of the project were the following (citing from the proposal):
• Respond fast and grab or release within at most 1 second, preferable
within 0.1 s
• Be activated and deactivated by an industrial standard 24 V DC I/O (con-
version to other signals within the solution is also possible)
• Allow the transport and precise positioning of the grabbed objects before
releasing
• Allow for single side gripping, e.g. not rely on a mechanical gripping
action or have moving parts
• Be able to switch many times (several thousands) without part replace-
ment or extensive maintenance
• Be applicable on solid parts with different sensitive surfaces, e.g. pol-
ished, coated or painted, as well as a variety of pliable and permeable
objects like textiles, carbon reinforced plastic parts, or other lightweight
parts
• Objects from 10 to 250 g in the first step. Higher masses desirable.
• Not damage the objects or leave any traces
• Preferably not use energy during the adhesion phase
• Be safe to use in an industrial environment
The candidate, together with the research group, decided to propose four
grasping principles, even if for some of them not all the requirements were
satisfied.
The grasping principles proposed are reported in the following sections.
5.3.1 Peltier cell
The Peltier cell is a thin plate made of two different conductors. One side of the
cell cools down when a current is made to flow, while the other side warms up.
On the other hand, when the current flows in the opposite direction, the cool
side and the warm side are switched. This make it possible to quickly freeze
and melt liquid in contact with the Peltier cell and the object to be grasped.
Videos of the experiments are available at the links [82–85].
5.3.1.1 Transfer to an industrial case
The use of Peltier cells has been used for an industrial case of gripper devel-
oped for leather grasping. As it is visible in Figure 5.8
Figure 5.8: The gripper developed for the grasping of leather sheets.
5.3.2 Electrostatic
The electrostatic principle is based on the properties of stationary or slow-
moving electric charges with no acceleration. In this case, by creating an
electrical field onto a pad, composed of conductive electrodes placed upon
a polymer substrate. When the electrodes are charged, astriction between two
surfaces subjected to an electrical field is created. Videos of the experiments
are available at the links [86–88].
5.3.3 Micro-suction cups
The gripper is a rubber-like pad, which has semi-spheres onto its lower surface.
By pressing the pad against the target, air inside the semi-spheres is expelled,
thus creating adhesion between the gripper and the target object. One of the
disadvantages of this principle is the impossibility of grasping porous objects.
For releasing, a strategy for detach the object from the gripper has to be con-
sidered (e.g. peeling or the use of external agents). Videos of the experiments
are available at the links [89–91].
5.3.4 Chemical adhesive
The chemical grippers consider the possibility of creating adhesion between
an object and a silicon-like pad. When the pad is pressed against the target,
the microinteraction between the two parts create continuity, thus enhancing
grasping. For releasing, a strategy for detach the object from the gripper has
to be considered (e.g. peeling or the use of external agents). Videos of the
experiments are available at the links [92–95].
5.4 Problematics encountered during the manufactur-
ing of prototypes
The concepts realized presented some limitations: many of the prototypes
manufactured for the RobLog project were created using rapid prototyping
techniques: the advantage was the short time required for the manufacturing,
but on the other hand the mechanical properties were considerably worse than
the ones of the same prototypes if they would have been made using other
materials or other manufacturing processes.
Also the use of traditional manufacturing processes in some cases did not
allow to create complex shapes that may have been desirable for structural
reasons or for interface problems.
Looking forward to the implementation of prototyping for industry, an-
other problem is the possibility of creating a large batch production size of
many products belonging to the same family, but where each one is different
from the others.
.This Chapter was partially based on the following publications:
- M Rohde, G Fantoni, J Tilli, and R Mortensen Ernits. A challenge for
automation in logistics: gripping systems for automatically unloading of
coffee sacks. 4th International Conference on Dynamics in Logistics, 2014.
[96]
- J Tilli, A Brando, and G Fantoni. Gripping device for heavy and de-
formable materials handling: Concept, design, selection and test. Procedia
CIRP, 21:373–378, 2014. [5]
Chapter 6
Pretotyping and Prototyping
This Chapter explores the main limitation of the manufacturing processes of
prototypes. By observing the problematics related to the construction of the
prototypes presented in Chapter 5, the candidate and his research group tried
to find solutions to problems concerning time for manufacturing, mechanical
properties of components manufactured using rapid prototyping techniques,
and cost of manufacturing process, whether the output is a prototype, whether
it is the series production of customized objects.
6.1 Problems in the creation of prototypes
Many of the concepts pretotyped or prototyped show some limitations. These
can be due to economical or mechanical aspects: the use of traditional mate-
rials and manufacturing techniques can lead to the construction of an object
whose mechanical properties are similar to the ones of the final object, but on
the other hand the time required for building the prototype and can require,
depending on the type of manufacturing process adopted, high economical in-
vestment. Furthermore, the creation of complex shapes is almost impossible
for small production series, since they are difficult to create with traditional
machines (e.g. lathe, milling machine), and they would require the creation of
molds for the injection of plastic materials or metals. This would result in an
investment that is too high for the manufacturing of a prototype.
Contrary to what is observed for traditional machining techniques, rapid
prototyping techniques offer the possibility of creating objects having also
complex shapes, requiring a limited production time and, depending on the
process used, a limited cost for materials. The main drawback of these tech-
niques is the limited performance of the mechanical properties, even if some-
times, depending on the process and the materials used, performance can be
comparable to traditional machined objects.
Many studies attempted to improve the design composition for manufac-
turing processes, like the one proposed by Binnard in [97], whose goal is to
provide new design tools that would allow to better exploit the potential of
additive manufacturing techniques, and rapid prototyping in general.
6.2 Projects and prototypes realized
One of the main limitations of prototypes realized for the RobLog project was
their low structural resistance. Since objects have been obtained using rapid
prototyping techniques, their mechanical properties were depending on the
technique used and on the material. The main drawback of objects obtained via
fused deposition manufacturing techniques is the absence of continuity within
the volume of the part, since the object is created by fusing a wire of plastic
material. Many authors have investigated this field, attempting to study the
layer orientation for improving the mechanical properties [98] or to reduce the
time required for building a part and minimize the material used [99]. In this
research field there are ongoing activities for the improvement of a Design for
Fused Deposition Manufacturing, that aim at optimizing the filament deposi-
tion in order to obtain the best mechanical behavior of the component.
Since some prototypes were realized using Selective Laser Sintering (SLS)
techniques and Nylon-12 materials, one of the main limitation of its use for
the construction of fully reliable prototypes. It is well known that there is a
high dependence of mechanical properties of polyamide components on build
parameters [100], but the main problem for Nylon-12 was the low Elongation
at Break (EaB) of the sintered material, even varying the build parameters. The
research group decided thus to investigate some auxiliary process to improve
the EaB of laser sintered Nylon-12.
Other problems encountered was the need of creating complex shapes
without using expensive tooling methods. With CNC machines, it is possi-
ble to shape objects with complex geometries, but material cost can be too
high, and sometimes it is no worth using a CNC for the shaping of a pretotype
or prototype, depending on the goal of the project. The research group faced
the problem of developing a new manufacturing method for the rapid creation
of economic molds or shapes for fiberglass deposition.
Finally, another problematic encountered in the industrial field was the
series creation of customized appliances. In the specific case, the goal was to
create appliances for the orthodontic sector. The problem of customization and
mass production has already been faced in many fields of medicine or medical
appliance (e.g. modular crutches that can adjust to the height of the patient),
but for this case it was not possible to conceive modular objects. Every single
object is different from the other, but the production batch size is too high for
handcrafted manufacturing of the appliance. The problem to be solved was
in this case the creation of a methodology for the series production of fully
customized objects.
6.3 Improvement of mechanical properties of Laser Sin-
tered Ny-lon-12
Among the available rapid prototyping techniques [11], SLS is one of the most
used processes in the last years, because of the high quantity of materials that
can be processed with this method. The work carried out during the period
spent abroad at the University of Texas at Austin from July 2014 to December
2014 is described in this section.
Selective Laser Sintered Nylon-12 parts have worse mechanical properties
if compared to injected Nylon-12. The analyses performed on SLS Nylon-12
specimens show a high variety of elasticity and tensile strength values, due to
the process used for the manufacturing of the parts. The elasticity and ten-
sile strength of SLS Nylon-12 are considerably lower than the ones of injected
Nylon-12. The different behavior depends on the different meso-structure of
the materials: continuous material with long polyimide filaments in injected
Nylon-12, small particles sintered together and short polyamide filaments in
case of SLS Nylon-12. This work analyses possible solutions to overfill the
gap between the mechanical behavior of the two manufacturing processes, an-
alyzing the crosslinking between Nylon-12 parts at a macroscopic scale. The
studies and the solutions found in this work will be the initial step behind the
implementation of the techniques in the selective laser sintering machines.
6.3.1 Background of Nylon-12 laser sinterization
Nylon-12 is one of the most used materials in the Selective Laser Sintering
(SLS) process. The potential importance of sintered Nylon-12 in industry is
demonstrated by the presence of patents related to the manufacturing through
the use of SLS machines [101]. Furthermore a wide number of patent [102]
covers different aspects of the SLS process and the materials that can be used
for building the parts.
Sintered Nylon-12 is widely used in many different fields, e. g. in art for
the creation of complex geometries, and for the realization of medical appli-
ances [103]. Besides the theoretical good mechanical properties of Nylon-12
[104], its use in fields where a high reliability on mechanical properties is re-
quired is limited by the high variability of mechanical characteristics. The
variability of mechanical properties in SLS process is common in all the sin-
tered thermoplastic materials [105]. Zarringhalam studied the process stabil-
ity of laser sintered Nylon-12, concluding that the main variable property was
EaB [106], depending on the type of powder used. Zarringhalam states that the
increased molecular weight of the particle is a possible responsible of the duc-
tility. Moeskops et al. [107] highline the difference in terms of EaB and creep
behavior within sintered and injected Nylon-12. Moeskops et al. also state
that the presence of unmolten regions of particles cause the drop of Nylon-12
mechanical properties.
Some attempts for improving mechanical properties of laser sintered Po-
lyamides have been done in previous works. The effects of electron beam
induced crosslinking on Polyamide (in the specific case Nylon-6) were studied
in [108]. The authors state that the effects of crosslinking increase the tensile
strength and yield stress, while the EaB is decreased.
6.3.2 Methodology of the experiments
Since the high cost of Nylon-12 powder, and the high time consuming process
required to set the SLS machine, the methodology taken into account for ex-
periments was the post-processing of laser sintered components. In fact, even
if it would have been interesting to consider the effects of chemical additives
during the sintering process, the treatment of high quantities of powder and the
long time required for setting the machine, process the powder and cool down
the powder bed would have reduced the possibilities of testing the specimen in
reasonable time and with low costs.
This work analyzes the effects of post processing on sintered Nylon-12
tensile bars. The shape of specimens was the dogbone bar with dimensions
according to ASTM D638-02a, and in order to facilitate the external agent
penetration, and to evaluate its efficiency, the slicing direction for the SLS
process is shown in Figure 6.1.
The post processing treatments taken into account were (i) heat treatment
and (ii) chemical treatment followed by heat treatment. The solutions used
Figure 6.1: Slicing direction used for the SLS process of Nylon-12 tensile bars.
were Boric Acid dissolved in water and an aqueous solution of Ammonium
Hydroxide (NH3(OH)−), while the temperature used for the heat treatment
was the one used for the sinterization of Nylon-12 (188◦C). It was decided to
explore these types of treatment because it was supposed that the low EaB of
laser sintered Nylon-12 if compared to the injected one was due to two main
factors: (i) the low interaction between the polyamide filaments in the sintered
Nylon-12 (Figure 6.2a), and (ii) the presence of discontinuity in the macro-
structure of sintered Nylon-12 components (Figure 6.2b).
Figure 6.2: (a) Low interaction between the polyamide filaments of two adja-
cent particles and (b) presence of discontinuous element in the sintered mate-
rial.
The chemical treatment, by altering the structure of polyamide filaments,
is supposed to increase the interaction level between two adjacent particles,
chemically or physically, while the heat treatment is the main responsible of
the melt or sinterization of the discontinuity elements.
The comparison between the mechanical properties of post-processed sin-
tered Nylon-12 tensile bars with the non-post-processed make it possible to
understand whether and how additive materials modify the mechanical proper-
ties. Despite the low absorption rate of water based mix [4], laser sintered ten-
sile bars where immerged in chemical solutions before undergoing heat treat-
ment. Boric Acid (H3BO3) is well known for its crosslinking mechanism in
polymerizing polyvinyl alcohols and silicone oils as shown in Figure 6.3. It
has been used for crosslinking of polymeric materials, such as poly(vinyl al-
cohol) membranes [109]. The intent is to crosslink Nylon-12’s amide groups
using the B(OH)−4 molecule obtained when boric acid is dissolved in water.
This crosslinking mechanism was investigated for polyamide objects fused to-
gether by SLS as a possible approach for improving both the elasticity and
tensile strength of sintered parts.
In fact, when Boric Acid is dissolved in water, it accepts a hydroxide
group forming B(OH)4-. It is hypothesized that the boric acid reacts with the
Nylon-12’s amide groups in a condensation reaction illustrated in Figure 6.4.
Figure 6.3: Crosslinking of Polyvinyl alcohol by Boric Acid.
Amide groups are known to have a slight double bond characteristic due to
the electronegativity of the nitrogen. This resonance is why the amide bond is
the most stable of carboxylic acid derivatives and could play as an intermediate
in the boric acid crosslinking mechanism (Figure 6.5). This resonance could
also account for the improved physical properties of treated parts, forming
covalent cross linkages between polyamide strands. This resonance could also
account for the improved physical properties of treated parts, forming covalent
cross linkages between polyamide strands. This resonance could also account
for the change in physical properties in polyamide strands when treated with
ammonia. High pH could favor the ionized form over the neutral amide and
thus increase interaction between strands via ionic interactions.
Figure 6.4: Hypothesized chemical reaction of Nylon-12 amide groups and
Boric Acid.
Figure 6.5: Boric Acid crosslinking resonance.
6.3.3 Experimental setup
Tensile bars were built using a SLS machine from 3D Systems R©, in particular
the model Sinterstation HiQ+HS. A Isotemp R©Vacuum Oven Model 282A was
used for the thermal post treatment process of the specimen. Even if it is
possible to set the temperature with a precision of 1◦C, during the experiments
it was noticed that the actual temperature in the oven could be different than
the set one, with a maximum difference of 5◦C.
Specimens were tested using an Instron model 3345 single column testing
system, while data were acquired using the testing system software, Instron
Bluehill. All the experimental equipment was available at the Freeform Lab at
the University of Texas at Austin.
6.3.4 Results and Conclusions
About 40 tensile bars were tested using different post-treatment combinations.
As said in the previous sections, the post-treatment process the tensile bars un-
derwent to, were (i) heat treatment, (ii) Boric Acid and heat and (iii) Ammo-
Table 6.1
Temperature [◦C] Elongation at Break
Non-treated 10%
Heat treatment 180-190 40%-150%
NH3(OH)− and temperature 180-190 170%-400%
H3BO3 and temperature 180-190 160%-440%
nium Hydroxide and heat treatment. The temperature set for the heat treatment
was 185◦C, so, considering the error of the oven, was varying from 180◦C to
190◦C. Some of the specimen tested had to be discarded, since the final result
was highly affected from scratches or deformation created on the surface dur-
ing the warm heat treatment and because of the influence of the texture of the
supporting base used in the oven on the final surface of the tensile bar. Values
of temperature for the heat treatment and EaB values for each post-treatment
process.
Figure 6.6: Minimum and Maximum values of EaB for tensile bars treated
with different chemical substances.
As it is visible from the graph of Figure 6.6 and from the values reported
in Table6.1, the heat treatment increases the EaB values considerably. It can
be supposed that this is the influence of unmolten elements in the sintered part.
By treating chemically the tensile bar, the EaB values increase up to values
that go to the 400% in case of Ammonium Hydroxide, and 440% in case of
Boric Acid. It is important to note that the spread between the minimum and
maximum values obtained during the tests is very high.
By analyzing the fracture point with the SEM microscope, it is possible
to note also how the tensile bars treated with chemicals (Figure 6.8b and Fig-
ure 6.8c) have a much homogeneous structure if compared to the tensile bar
treated only with heat (Figure 6.8a).
One of the main drawbacks of the post-treatment is the loss of dimensional
precision and in some case also of the geometrical properties. This is due
to the low stiffness of Nylon-12 when heated up to temperatures close to the
melting point. Two solutions, which will be deeply investigated in some future
activities, can be used to solve this problem: (i) the pre-processing of powders,
and (ii) the creation of a supporting structure for preserving the geometrical
properties.
The pre-processing of powders would make the chemical reaction happen
during the sinterization phase, thus enhancing the mechanical properties of
laser sintered Nylon-12 without the necessity of undergoing to further treat-
ments.
On the other hand it could be still necessary to have a heat treatment. In this
Figure 6.7: The mold for the construction of the injected tensile bars.
case it would be opportune to create a supporting structure, which preserves the
dimensional and geometrical properties of the object during the post-treatment
process. The material of such a structure has to be thermally conductive, self-
supporting at the temperature of heat treatment, and easily removable. Some
possible solutions are Silicone and graphite powder.
An experimental injection mold is under construction for the evaluation
of the effects of pre-treatment with chemical additives to standard Nylon-12
powder. The mold (Figure 6.7) consists of an injection system and of a mold
for the creation of tensile bars.
Still, this procedure will not allow understanding the effects of chemical
agents on sintered Nylon-12 powder. However it will make possible to study
the effects of powder pre-processing, and will allow getting more accurate re-
sults because of the reduced deformation due to heat post-treatment. The goal
is to compare how the external agents influence the mechanical properties of
Nylon-12 from a relative standpoint by comparing the treated material with the
non-treated one.
The idea is to transfer the most promising technology to the real SLS pro-
cess, and compare the results with specimens created from traditionally sin-
tered Nylon-12 powder.
(a) Heat treatment (b) H3BO3
(c) NH3(OH)−
Figure 6.8: SEM images (magnification 100x) of the fracture point of tensile
bars. The treatment the tensile bars underwent to are: (a) heat treatment, (b)
Boric Acid and heat treatment and (c) Ammonium Hydroxide and heat treat-
ment.
6.4 Foam-like objects machining using an ultrasound
probe
This part of the studies moved from a request from a Surf manufacturing com-
pany based in southern Tuscany. The goal was to create an innovative process
for shaping foam-like materials, such as Polystyrene and Polyurethane, that is
the preliminary step for the final creation of the surf. In fact, the core is then
covered with a hard shell made of fiber glass or other light-weight material.
The requirements from the company were to create a flexible process, able
to shape foam-like materials, without creating (or reducing considerably the
creation of) debris and chips.
Once the process has been conceived, the question that came to the head
was the following:
is it possible to use the same process for the creation of prototypes? Which are
the eventual advantages of using such a process in the prototype manufacturing
process?
The answer to this question is the possibility of applying the same man-
ufacturing process for the creation of prototypes, since the good mechanical
properties of glass fiber artifacts, the small amount of time required for creat-
ing the shape, even for a single object manufacturing and the low costs of the
whole process. Another possibility is the implementation of this technology in
a more complex process, even in the rapid manufacturing field, the same that
happens with the milling operation for Solid Ground Curing [102, pp. 50–51]
or the cutting for Laminated Object Modelling [110, pp.139–149].
In the following Sections the analyses performed and the details of this
innovative manufacturing process are explained in detail.
6.4.1 Background of ultrasound machining
Expanded Polystyrene and Polyurethane are largely used by hobbyists for
manufacturing lightweight model planes, surfboards, but also by artists to cre-
ate masks, costumes, statues etc. From an industrial point of view surf manu-
facturers during the design and prototyping phase shape expanded polystyrene
blocks by using hot wires and then by milling. They use 3-axes numerically
controlled milling machines. Unfortunately the process of milling creates a lot
of dust and debris that stick to the milled surfboard.
In order not to affect the following operations (coating with primer, fiber
glass deposition and painting), an accurate cleaning operation to remove dust
and debris is required. The cleaning operation may result high time consuming
and often not easy owing to the electrostatic charges on the debris that sticks
on the workpiece.
The possibility of using an instrument often used in different fields (e.g. for
joining plastic components) for machining the foam-like materials was thus
investigated. A sonotrode originally used for the mixing of chemical solu-
tions has been used for the shaping operation on Polystyrene and Polyurethane
blocks. Ultrasound probes are nowadays commonly used for many industrial
applications, such as manufacturing processes, food industry and many other
fields.
In the case of foam-like materials shaping, a mix of effects, as the heat gen-
erated in the contact between the sonotrode and the workpiece and the sound
wave pressure, make the foam melt and the machining operation is thus per-
formed. The new methodology combines the effect of heat with mechanical
action, and in presence of a fluid and under certain conditions, also cavitation.
Both the in air and underwater machining have been tested and, as it will
be visible in the following Sections, each machining process has its own pecu-
liarities, since the heat specific capacity of water reduces the effect of thermal
melting and promotes the cavitation, but also freezes the molten material in a
rigid structure immediately after it is generated. This effect is also interesting
for the machining of non-foam-like materials, like wax, since it freezes and
removes the molten material from the machining area.
6.4.2 Uses of ultrasound in industry
In the industrial field, the ultrasound technology is largely used for detecting
objects and measuring distances. Other typical applications are in the health-
care sector, in ultrasonic imaging for nondestructive testing of products and
structures, in oral care for plaque and tartar removal from teeth, and in many
other fields. Of course ultrasound scalpels found many uses in many differ-
ent fields, from surgery (e.g. maxillofacial surgery [111]) to metal cutting in
industry [112].
Recently, a piezoelectric vitrectomy probe able to liquefy the humor vit-
reous for eye surgery has been patented [113] and the number of patents ex-
ploiting ultrasound wave is continuing growing year by year. Industrially, ul-
trasound technology is widely used in several fields: from micromotion [114]
to cutting of materials [115], from cleaning to foundry, from joining and sol-
dering [116] to hard material machining [117], from mixing [118] to material
dispensing [119]. Examples, working principles and video material can be
found in many websites of Original Equipment Manufacturers. Even if the
scientific level is not often high, such sources provide insight of processes that
now are no more considered as “non-conventional processes”.
Focusing on manufacturing technology, ultrasounds are used with hard
slurries in the so called ultrasonic impact grinding, both for macro and mi-
cro machining [120]. The process consists in a vibrating tool oscillating at
ultrasonic frequencies used to compress an abrasive slurry between the work-
piece and the tool thus inducing small cracks on the workpiece and removing
the material from the workpiece itself. This machining process suits perfectly
for hard and brittle materials, such as glass, titanium, sapphire, ruby, diamond
and ceramics [117]. In ultrasonic welding of plastics, high frequency (15 kHz
to 40 kHz) low amplitude vibration is used to create heat by way of friction
between the materials to be joined. The interface of the two parts is specially
designed to concentrate the energy for the maximum weld strength. In invest-
ment casting (known as lost-wax casting in art) [121] reported that solidified
parts are broken from the sprue thanks to ultrasonic vibrations.
Recently (in the last 20 years) ultrasonic blades found many applications in
food industry since Ultrasounds are suitable for almost all kind of food cutting.
Actually, ultrasonic assisted food cutting offers good performance in precision,
uniformity and hygiene, and is the perfect cutting technology for a wide range
of industries. Other ultrasonic instruments relates to the cleaning systems, both
for industrial or private use [122].
6.4.3 Working Principle
Images shown in Figure 6.9, thanks to the signals that derive from electron-
sample interactions, reveal information about the external morphology of the
samples of Polystyrene:
a) untreated Polystyrene presents a regular structure, with spherical profiles;
b) thermal altered Polystyrene shows a stretched structure, with pseudo-circular
holes;
c) in-air machined Polystyrene has a spread texture, in consequence of the fact
that polystyrene begins to melt;
d) underwater machined Polystyrene shows a squamous structure, due to the
rapid solidification of melted material in contact with water.
Conducting the same analyses for Polyurethane samples, Figure 19 reveals
that:
a) untreated Polyurethane presents a smoothed face, with few irregular
holes;
b) thermal altered Polyurethane presents a regular hexagonal structure;
c) in-air machined Polyurethane has a soldered texture, due to the spread
of melted polyurethane;
d) underwater machined Polyurethane reveals an indented structure, by
reason of the rapid solidification of underwater processed material.
From the analysis of the SEM images, it is clear that heat is not the only
working principle, otherwise the structure would have been similar to the one
shown in Figure 6.9b and Figure 6.9b. Since the texture of in-air machined
material is the one shown in Figure 6.9c and Figure 6.9c, the mechanical ac-
tion has an important role in spreading the softened material over the walls of
machined shapes. Figure 6.9d and Figure 6.9d are useful for understanding the
action of water in case of underwater machining.
6.4.4 Experimental setup
The goal of the research is to evaluate the feasibility of drilling and milling
operations of polymeric foam-like materials using an ultrasound probe. The
force-displacement behavior is analyzed and the profile of the samples ob-
tained with this manufacturing process in case of different input parameters
and materials are analyzed.
The main apparatus of the experimental setup is the sonotrode. The ma-
chine used is the Vibra Cell VCX 130 PB from Sonics & Materials, Inc.. The
vibration frequency is constant and it is 20 kHz, while the amplitude can be set
within a range from 0 µm to 100 µm. The tip of the sonotrode is cylindrical
with a diameter of 6 mm.
The system acquisition experimental setup includes: (i) a PhidgetBridge
4-Input, (ii) a Wheatstone Bridge based sensor acquisition board from Phid-
gets, Inc, (iii) an off center load cell, modified with shelves for acquisition of
compression load, with a maximum nominal load of 3 kg from Celmi s.r.l. and
(iv) a translation stage VT-80 from Micos USA having an allowed maximum
force of 49.0 N. Force acquisition and the stage control were done using Lab-
view 8.5 using a sample period of 20 ms. The load cell was calibrated using a
series of weights starting from 100 g up to 600 g.
Figure 6.11 shows a scheme of the experimental setup for in air machining,
while the top view of the experimental apparatus is shown in Figure 6.12. It
(a) Unmachined material (b) Thermal altered material
(c) In air USM machined (d) Underwater USM machined
Figure 6.9: Polystyrene surface analyses using the SEM microscope. It is
visible how, according to the different working condition, the material surface
texture changes, indicating a different working principle case by case.
is possible to clearly observe the translation stage (a) on the left, with the load
cell (b) mounted on it. The sonotrode (c) is powered by the Vibra Cell power
supply (d). A Polystyrene sample (e) is fixed on the load cell.
The scheme of setup used for the underwater machining is shown in Fig-
ure 6.13, and the real setup is shown in Figure 6.14. In this case The sonotrode
(a) is maintained vertically and linked to the translation stage (d) thanks to a
specific support (b). A horizontal guide (c) links the stage the vertical structure
(e), which is firmly fastened to the frame. A transparent container (g) is located
upon a load cell (f). The workpiece is blocked in the container (g) where water
is poured until the workpiece (sample) is completely submerged.
Output data from LabView 8.5 were processed in Microsoft Excel files,
allowing the comparison of force exerted by the sonotrode during the drilling
operations in different working conditions and different materials.
Finally samples Samples were sectioned along the axis of the machined
(a) Unmachined material (b) Thermal altered material
(c) In air USM machined (d) Underwater USM machined
Figure 6.10: Polyurethane surface analyses using the SEM microscope. It is
visible how, according to the different working condition, the material surface
texture changes, indicating a different working principle case by case.
hole to analyze the features of the produced profile. White samples (polystyrene)
were gold sputtered in a S150B gold sputtering instrument for better resolu-
tion. Samples were then examined under a stereomicroscope Wild M3Z in
reflected light. Images were recorded using a digital camera directly mounted
on the microscope. Images show differences between the investigated features
of the sample by using the contrast between the different areas.
6.4.5 In air machining results
The aim of the study is to analyze how input parameters affect the drilling
operation in terms of maximum force exerted and quality of the profile of the
hole.
In order to analyze the effects of input parameters on the drilling operation,
experiments were performed using three constant feed rate values (1 mm/s,
Figure 6.11: Scheme of the experimental setup for in air machining.
Figure 6.12: Top view of the experimental setup for in air machining.
Figure 6.13: Scheme of the experimental setup for under water machining.
Figure 6.14: Scheme of the experimental setup for under water machining.
2 mm/s and 5 mm/s), and three amplitude of the sonotrode (60 µm, 80 µm and
100 µm) on two different materials. The materials considered for the experi-
ments were Polystyrene with a density of 13.5 kg/m3 and Polyurethane with a
density of 30.5 kg/m3.
Because of the lower homogeneity of the structure of polystyrene, five
polystyrene samples for each input set were tested, while only three samples
of polyurethane for each set were tested owing to the higher homogeneity of
polyurethane foam. Thus a total number of 45 samples for Polystyrene and 27
samples for Polyurethane were analyzed.
When the tip of the sonotrode is pressed against the workpiece, two main
effects occur: the first one is the compression of the material in front of the
sonotrode, the second one is heat generation. The tip and the workpiece heat
up (the maximum temperature measured during the tests was 47◦C) because
of friction between the side of the sonotrode and the wall of the hole. One
more effect seems to occur, that is cavitation, but more detailed research has to
be carried out regarding this aspect. The absence of dust and debris is related
to a combination of the pressure and heat generation. In fact pressure is the
main responsible of shape forming at least in the first phase of the machining
operation, while heat creates a shell around the walls of the hole, having higher
density and different mechanical properties.
6.4.5.1 Polystyrene in air
Data analysis shows the force displacement behavior and the maximum force
required to the sonotrode to perform the drilling operation for each set of pa-
rameters.
It is interesting to note that force increases rapidly during the initial part of
the experiment, then decreases to a lower value. The peak is to be attributed to
the elastic deformation of material, while the decrement happens in correspon-
dence of the heat generation due to contact between material and sonotrode.
One of the most remarkable results emerging from the data analyzed is the
strict dependence of the maximum force exerted from the material structure.
Polystyrene macroscopic structure shows the high non-homogeneity level of
the material, thus revealing scattered results of maximum exerted force, even
using the same working parameters. This is clearly shown in Figure 6.16a,
where the maximum load varies from 3.34 N of Sample 1 to 0.73 N of Sample 3
for a feed rate of 5 mm/s and an amplitude of 100 µm. Considering the sample
with the highest load value, given a certain feed rate, graphs can be compared
varying the amplitude (Figure 6.15). It is interesting to note that the force value
decreases when the amplitude is increased. On the other hand, comparing
graphs of force exerted at a given amplitude, and varying the feed rate values
(Figure 6.16a), it is evident that maximum load decreases when the feed rate
is reduced.
Figure 6.15: Force exerted by the sonotrode on polystyrene samples
(v = 5 mm/s, amplitude 100 µm).
The analysis of samples obtained with the same working parameters high-
lighted the variability of surface finish. This is shown in Figure 6.16b, where
three Polystyrene samples obtained with 1 mm/s and feed rate and 100 µm am-
plitude are compared. However, it is important to note that, even if variable,
the average surface quality is almost the same for the same set of working pa-
rameters. The tests revealed that no dust or debris are produced during the
manufacturing process.
6.4.5.2 Polyurethane in air
Polyurethane has a completely different behavior. Actually Polyurethane foam
has a homogeneous distribution of material, thus resulting in a good repeatabil-
ity of experiments, as shown in Figure 6.17a. The analysis of the plots reported
in Figure 6.17b for a given speed confirms the results already obtained for
Polystyrene samples. The maximum force exerted by the sonotrode decreases
from a value of 5.72 N of the sample obtained with 1 mm/s and an amplitude
Table 6.2: Working parameters adopted for the experiments and number of
samples analyzed for each material.
v = 1 mm/s v = 2 mm/s
A = 80 µm 3 Samples 3 Samples
A = 100 µm 3 Samples 3 Samples
of 60 µm, to the value of 1.92 N of the sample obtained with the same speed
and with an amplitude of 100 µm. Like in the manufacturing of Polystyrene
samples, no dust or debris are produced during the drilling operations.
6.4.6 Under water machining results
Because of the contact between the sonotrode and the workpiece, heat is gen-
erated during the operation. The presence of water is the main responsible of
heat removal from the machining area. In many applications this effect would
be desirable, and one of the goals of the work is to investigate if heat removal
improves the surface finishing of the machined areas. On the other hand, since
the quasi-absence of heat effects, the expected loads are higher than the ones
obtained without heat removal. This is the reason why experiments were per-
formed with low feed rate (1 mm/s and 2 mm/s) and high amplitudes (80 µm
and 100 µm).
Because of the higher forces expected, the experiment was done only over
four different combinations of speed and amplitude, not including neither high
feed rate, nor low amplitude of the sonotrode (Table 6.2). Each combination
was repeated over three samples. The experiment has been performed also on
wax, but 2 mm/s feed rate experiments were not done because of the fragility
of the material.
6.4.6.1 Foam-like materials
It is interesting to note that both for Polystyrene and for Polyurethane, force
increases rapidly during the initial part of the experiment, then decreases to a
lower value, like when these materials are machined in air. The main difference
is the force decrement during the second part of the graph: while the peak is to
be attributed to the elastic deformation of material, the decrement happens in
correspondence of the heat generation in case of in-air machining, and because
of a combination of heat generation, cavitation effect [123] and direct contact
between sonotrode and workpiece in case of underwater machining.
The data analyzed here seem to confirm one of the result emerged from
the in-air machining studies: the maximum force exerted is highly dependent
on the material structure. Polystyrene high non-homogeneity significantly in-
fluences the profile of the graph and the maximum force exerted, since they
vary within the samples machined with the same working parameters (Fig-
ure 6.18). Polyurethane has a more homogeneous structure, thus resulting in a
lower variability of experimental data within samples machined with the same
parameters (Figure 6.19). Considering the effects of working parameters, from
the graphs shown in Figure 6.20 (Polystyrene) and Figure 6.21 (Polyurethane),
it is clear that both speed and amplitude influence the force exchanged between
the workpiece and the sonotrode. Given a feed rate value, when amplitude is
increased, force decreases. On the contrary, given an amplitude value, the
maximum force exerted decreases when feed rate is reduced.
An important comparison has to be done about the surface finishing of ma-
terials, if compared with in-air samples. Considering for instance Polystyrene
(Figure 6.22), the dimensional precision of the hole does not change signifi-
cantly, or is even improved. The single most marked observation to emerge
from the comparison between in-air (Figure 6.22a) and underwater samples
(Figure 6.22b) is the difference of the heat affected material distribution. In
both cases there is a shell-like material surface with altered properties (gray
area in Figure 6.22a), but comparing under water with in air machining, the
properties of this heat affected area are more homogeneously distributed. This
effect is also evident from the analysis of Polyurethane samples (Figure 6.23).
The observation of in-air samples (Figure 6.23a) highlighted the presence of
highly heat affected zones (lower part of the hole), while is evident the absence
of this area in underwater machined samples obtained with the same working
parameters (Figure 6.23b). The main difference between in-air and underwater
machining is not the dimensional precision, that is comparable, but the influ-
ence of heat affected zone.
For both Polystyrene and Polyurethane the pattern of the walls is different,
because of the different working principle responsible for the operation.
6.4.6.2 Wax
Machining of Wax has also been analyzed. In-air machining of this type of
material is possible, but comparing the holes shown in Figure 6.24, underwater
machined hole (b) is much well defined than the in-air machined one (a). By
analyzing the videos of the experiment (screenshots shown in Figure 6.26), the
different phases of the process are evident.
The sonotrode is positioned over the workpiece (a), then the drilling oper-
ation starts and wax starts melting (b). Finally wax solidifies and is removed
from the working area (c).
Experiments were done only for 1 mm/s feed rate, because of the fragility
of wax samples, but the data analysis revealed an unexpected low force ex-
changed between the sonotrode and the workpiece. This is most probably be-
cause of the low melting temperature of wax, that makes heat the main working
principle also for underwater machining. In fact, the measured temperature at
the interface wax-sonotrode was 43◦C, thus allowing to conclude that heat has
a big influence on wax working conditions. Figure 6.25 shows the experimen-
tal results for samples obtained with an amplitude value of 80 µm. Output data
have been filtered to remove the load cell noise, that for the values obtained is
visible. The in-air tests have not been performed because of the unacceptable
quality of holes created.
(a) Feed rate influence.
(b) Amplitude influence.
Figure 6.16: (a) Graphs of the average force exerted on Polystyrene samples,
varying the feed rate value at the amplitude 100 µm and (b) maximum force
exerted by the sonotrode on Polystyrene samples (v = 1 mm/s), varying the
amplitude.
(a) Feed rate influence.
(b) Amplitude influence.
Figure 6.17: (a) Force exerted by the sonotrode on polyurethane samples
(v = 5 mm/s, Amplitude = 100 µm) and (b) Maximum force exerted by the
sonotrode on polyurethane samples (v = 1 mm/s), varying the amplitude.
Figure 6.18: Comparison between the force exerted for the same machining
parameters (v = 1 mm/s, amplitude 80 µm) on Polystyrene samples.
Figure 6.19: Comparison between the force exerted for the same machining
parameters (v = 1 mm/s, amplitude 80 µm) on Polyurethane samples.
Figure 6.20: Comparison between the force exerted on Polystyrene samples
with different working parameters.
Figure 6.21: Comparison between the force exerted on Polyurethane samples
with different working parameters.
Figure 6.22: Differences between (a) the sample of Polystyrene machined in
in-air configuration and (b) the underwater machined sample (v = 1 mm/s, am-
plitude 100 µm).
Figure 6.23: Differences between (a) the sample of Polyurethane machined
in in-air configuration and (b) the underwater machined sample (v = 1 mm/s,
amplitude 100 µm).
Figure 6.24: Different behavior of Wax when machined (a) in air and (b) un-
derwater.
Figure 6.25: Force exerted for the same machining parameters (v = 1 mm/s,
amplitude 80 µm) on Wax samples.
Figure 6.26: Screenshots of Wax underwater machining video.
6.4.7 Object shaping and dimensional analyses
The previous Sections analyze the use of a sonotrode for drilling operation,
while the present Section aims at combining also lateral motion. An axial
translation is required for the drilling operation (Figure 6.27a), while there are
two more possibilities for shaping materials with the ultrasound technology:
the first one is represented in Figure 1b, and consists of a longitudinal transla-
tion of the sonotrode, and it can be assimilated to a traditional milling opera-
tion. Figure 1c shows a combination of both axial and longitudinal translation,
that is an operation common in the facing operation on the lathe.
This Section explores the possibility of implementing the work procedures
represented in Figure 6.27b and Figure 6.27c mounting the sonotrode on a
milling machine and on a lathe. The sonotrode has been fixed on traditional
machines available at the workshop of the Department of Civil and Industrial
Engineering at the University of Pisa, and on a robot made available from
Gruppo Scienzia Machinale.
The aim of this study is to validate the possibility of using the ultrasound
technology for shaping operations of foam like materials, and specifically of
polystyrene blocks. Other materials have been considered for shaping, but
experiments are still ongoing at the present moment.
Two different setups have been created for testing the sonotrode both in
milling and in turning operations. Different interfaces have been created to
mount the sonotrode both on the lathe and on the robot. One more setup aimed
at showing the differences between a traditional milling operation and the ul-
trasound milling in terms of quantity of chips created.
The sonotrode is the core of the ultrasound machining operation. The
system used for experiments is the same Vibra Cell VCX 130 PB from Son-
ics&Materials, Inc.. The data sheet reports that the vibration frequency is con-
stant (20 kHz), while the amplitude can be adjusted. The probe mounted on
the sonotrode is an exponential one made of Titanium alloy, having a tip with
a diameter of 6 mm. The sonotrode has been used at the maximum value of its
amplitude for all the tests.
The working principle of the machining operation comprises both mechan-
ical and thermal effects. The thermal effect is evident also from the presence
of a small amount of chips generated: Figure 6.29 shows how material is de-
formed and where the machined material goes. The portion of material painted
in blue (Figure 6.29a) is the part that is undergoing the deformation process.
When machined with the sonotrode, Polystyrene softens and the blue volume
of Figure 6.29a is spread on the lateral surfaces of the machined hole or groove,
(a) (b)
(c)
Figure 6.27: The three operations that can be performed with the sonotrode:
axial removal operation (a), the longitudinal removal translation (b) and their
combination (c).
Figure 6.28: Comparison between the milling operation with the sonotrode
(left) and with a traditional cutter (right).
as shown in Figure 6.29b. Not all the deformed material is spread inside the
groove, so some chips and debris are generated. However, the quantity of chips
generated by the sonotrode is considerably lower than the one generated by a
traditional tool (see Figure 6.28).
6.4.7.1 Milling
The sonotrode was mounted on 6-axis ABB robot. The robot has been con-
trolled in speed along the trajectories calculated with the specific software
ARPP R©, with a set of speeds from 5 mm/s to 20 mm/s. The software is used
for the calculation of trajectories for machining operations using conventional
manufacturing tools. This consideration is not trivial, since the shaping tra-
jectory has a significant influence on the working principle of the ultrasound
technology. When used as a drilling instrument, the sonotrode uses both the
mechanical and thermal effect, while for the milling operations heat becomes
more important. During the machining operations, the probe of the sonotrode
reached 52◦C, which is a significantly higher temperature if compared with the
maximum one measured during the simple drilling operation (41◦C).
A pyramid has been created as benchmark test for the milling operation on
a polystyrene block. The initial block is approximately a parallelepiped having
a square-shaped base, each side sizing 70 mm, and height 50 mm. The levels
(a) (b)
Figure 6.29: The picture shows the material that is undergoing to the deforma-
tion process (a) and the same material after the machining process (b).
are alternatively circles and square shapes. The desired final surface is shown
in Figure 6.30a, while the real object obtained is shown in Figure 6.30b. As
mentioned above, some surfaces have a coarse precision due to the trajectories
assigned by the software. Moreover it is evident how the surface quality is also
affected by the working parameters, especially by the feed ratio. More detailed
analysis on the surface will be discussed in Section 6.4.7.4.
One more shaping experiment was conducted on Polyurethane samples,
but because of the material properties and of the high temperatures generated
during the machining process, the result was not considered positive. As ex-
plained in [7], when machined in-air, the friction between the sonotrode and
the workpiece generates a heat. While for drilling operations the process lasts
few seconds, in the shaping of materials it can last long. In Polyurethane ma-
chining temperatures rose to 120◦C, and heat became the only working princi-
ple, with Polyurethane becoming soft and deforming itself also without being
in touch with the sonotrode (the softening point of Polyurethane varies signifi-
cantly depending on the specific type of Polyurethane used). At the present
moment there are ongoing experiments on different types of Polyurethane,
especially on the Polyurethane known as Blue Foam, that is widely used in
design modeling and in augmented reality [124].
(a) CAD Model (b) Real object
Figure 6.30: Difference between the CAD theoretical design (a) and the object
shaped with the ultrasound technology (b).
6.4.7.2 Turning
In order to accomplish the turning machining operation, the sonotrode was
fastened to the turret-head of the lathe. The workpiece, shaped as a prism
with a constant square section of 70 mm and a height of 50 mm, was fixed to
the turning machine through a combination chuck. The scheme of the setup
is illustrated in Figure 6. Because of the geometry of the sonotrode and the
limited excursion range of the turret head in the z-axel, only face grooving
operations were possible. The shapes created in the face grooving operation
on Polystyrene were circles, cylinders and spirals (Figure 6.32). The shapes
created on Polyurethane samples were cylinders and spirals (Figure 6.33). The
goal of the test was to evaluate the possibility of shaping material with this type
of operation. The samples created on Polystyrene have been dimensionally
analyzed, in order to understand the machining precision and the surface finish.
Results on Polyurethane have been analyzed only at a qualitative level, since
the coarse quality of results make the process unsuitable for machining on the
type of Polyurethane analyzed. As for the milling process, there are ongoing
experiments on different types of Polyurethane. The results of the analyses
will be better explained in the Section 6.4.7.4.
(a) Scheme of the setup (b) Workpiece on the lathe
Figure 6.31: Scheme of the setup for the ultrasound machining on lathe (a)
and the real setup (b). Because of the dimensions of the sonotrode, the only
operation possible was the face grooving.
6.4.7.3 Optical scanner for dimensional analysis
In this work, an optical scanner based on an active stereo vision approach
(Figure 6.34) has been designed in order to acquire manufactured sample mod-
els [125]. A two-axis platform structure, including rotating and tilting move-
ments, has been assembled by using two stepper motors having a resolution
of 400 steps per round. The optical sensor is composed of a monochrome
digital CCD camera (1,280×960 pixels) and a multimedia white light DLP
projector (1,024×768 pixels). A multi-temporal Gray Code Phase Shift Pro-
filometry (GCPSP) method is used for the 3D shape recovery. A sequence
of vertical light planes is projected onto the model to be reconstructed. The
planes are defined by black and white fringes with time variable period. Each
acquired pixel by the camera is characterized by a light intensity that can be
either bright or dark, depending on its location in the respective projected im-
age. A binary code (0, 1 with n bit) is assigned to each pixel, where n is the
number of the projected stripe patterns, and the values 0 and 1 are associated
to the intensity levels, i.e. 0 = black and 1 = white. This encoding proce-
dure provides l = 2n − 1 encoded lines. The 3-D coordinates of the observed
scene point are then computed by intersecting the optical ray from the camera
with the projected plane. The geometry of the hardware set-up, the camera
ray direction and the plane equation of the corresponding stripe are known
by a preliminary calibration step. The methodology provides np = lh × lv
encoded points, where lh is the horizontal resolution of the projector while
lv is the vertical resolution of the camera. The whole measurement is ob-
(a) Circles (b) Cylinder
(c) Spiral
Figure 6.32: Shapes created on Polystyrene samples.
tained by collecting 3D surface data of sample models from various direc-
tions. Different views are automatically aligned with reference to a common
coordinate system on the basis of the controlled rotating axes, exploiting a
calibration procedure which relate turntable positions with respect to the com-
mon reference system [126]. The combination of two distinct controlled axes
allows a reliable acquisition of shape details, since different viewing direc-
tions better handle occlusion problems and undercut areas. The vision system
has been configured for a working distance of 300 mm and a working volume
of 100 mm×80 mm×80 mm (width×height×depth). The scanner is capable of
measuring about 1 million 3D points with a spatial resolution of 0.1 mm and
an overall accuracy of 0.01 mm [126].
(a) Cylinders (b) Spiral
Figure 6.33: Shapes created on Polyurethane samples.
6.4.7.4 Dimensional Analyses
Data from optical scanner have been acquired and a comparison was made
based on the results of interest. Some analyses are at quantitative and quali-
tative level: the milled pyramid (Figure 6.30b) was analyzed to compare the
overall machining quality, the milled circles (Figure 6.31a) were analyzed for
evaluating the lateral precision, while the grooved cylinder (Figure 6.31b) was
used for evaluating the precision of the bottom surface. Other types of analy-
ses were only at a qualitative level, like the spiral sample both on Polystyrene
and Polyurethane. The spiral (Figure 6.31c and Figure 6.32b) allows under-
standing how heat and speed of the sonotrode affect the quality of the surface.
The rotational speed around the center of rotation O (Figure 6.35) was kept
constant and was 0.5 rpm for both the samples. As in all the turning opera-
tions, the closer the tool is to the center of rotation, the lower the tangential
speed is. Considering the spiral on Polystyrene, and referring to Figure 6.35
and Table6.3, it is evident that when the tangential speed decreases, the sur-
face quality is improved. On the other hand, also the contribution of heat has
to be taken into account, since when the machining operation starts, the tem-
perature of the sonotrode is the ambient temperature, and increases during the
manufacturing process. In Figure 6.35, the part of spiral from A (initial point)
to C creates poor quality borders, even if the quality progressively increases
while getting closer to the point C. From the point C to the final point of the
machining process, the quality of the borders can be considered satisfactory.
Considering the spiral created on the Polyurethane block (Figure 6.36), it
Figure 6.34: Scheme of the assembled optical dental scanner.
appears that during the initial part of the machining process (part from A to B)
the quality of the machined part is good, but it gets worse in the point C. This
is due to the high temperature reached by the sonotrode, which makes material
melting even if it is not in contact with the sonotrode.
The comparison between the CAD model of the pyramid and the manufac-
tured object is shown in Figure 6.37. If compared with traditional machining
operations on conventional materials, the results appear to be unsatisfying.
There are few considerations to take into account: the first one, and most im-
portant, is that the interface between the sonotrode may have not been con-
nected in a tough way to the robot. This was necessary not to damage the
instrument, which does not belong to the department. The second matter is the
calculation of trajectories: the software used for the calculation of trajectories
was set for machining operations using conventional machining tools. Further-
more, the fillet radius was not considered in the CAD model, but it was created
Figure 6.35: Spiral on Polystyrene block with highlighted significant points
and measures [mm]: center of rotation (O), initial point (A), point where the
material has been torn (B) and point from which the machining operation is
satisfactory (C).
because of setting parameters for conventional machining operations.
The fillet radius has been created starting from the reverse engineering
analysis, but these areas lose their importance in the comparison analysis. The
last consideration regards the machined material itself, since its high level of
non-homogeneity lowers the surface precision level. The percentage of mea-
sured points versus deviation values are plotted in Figure 6.38, and clearly
show that the maximum precision that can be gathered is coarse. However,
because of the problems explained above, more experiments with different in-
terfaces and different trajectories have to be done before a conclusion can be
made.
The circular groove shown in Figure6.32a has been used to evaluate the
lateral precision of the ultrasound machining process. The comparison be-
Figure 6.36: Spiral on Polyurethane block with highlighted significant points:
center of rotation (O), initial point (A), point where the material starts melt-
ing even if not in contact with the sonotrode (B) and point from which the
machining quality worsens (C).
Table 6.3: Measures and values of machining parameters, referring to Fig-
ure 6.35.
Point Rotational speed Distance from the Tangential speed
[rad/s] Center (O) [mm] [mm/s]
A pi 32.4 101.8
B pi 30.4 95.5
C pi 24.8 77.9
Figure 6.37: Comparison between the manufactured pyramid and the CAD
model: top (a), side (b) and isometric (c) views.
tween theoretical circular surfaces and the real machined surface is shown in
Figure 6.39, where a section of the specimen is analyzed. Figure 6.39 presents
the deviation of the specimen from the CAD model versus percentage of points
for the section shown in Figure 6.40. Compared to the results of milling oper-
ations, the number of points having a high deviation from the theoretical shape
is considerably decreased. This result is considered positive at this stage of the
study, but will have to be tested with different working parameters, in order to
understand how they influence the shape precision.
Considering now the cylinder, the comparison between the ideal cylindri-
cal surface and the manufactured object is used to evaluate how the working
parameters, especially the feed ratio, affect the bottom surface. The results for
a section of the cylinder are shown in Figure 6.41.
Figure 6.42 presents the deviation of the specimen from the CAD model
versus percentage of points for the section shown in Figure 6.41. Compared
to the analysis of the milled pyramid, a higher number of points has a smaller
deviation from the theoretical shape, and the result can be considered encour-
aging at this step of the process study.
Figure 6.38: Deviation of the specimen from the CAD model versus percent-
age of points for the milled pyramid.
Figure 6.39: Comparison between perfectly circular surfaces and the real ma-
chined surface for the section of the specimen indicated on the left.
Figure 6.43 highlights the trajectories of the axis of the sonotrode: the blue
areas refer in fact to the frontal part of the probe, while the red parts have
not been properly machined. Other tests will have to be done using different
working parameters, especially the feed ratio will have to be decreased in order
to gather an improved bottom surface of the cylinder.
Before concluding this section, it is important to highlight how the com-
parative analysis values significantly vary between the shape machined with
the milling manufacturing and the ones obtained using the lathe. In fact, while
the deviation of the pyramid from the CAD model presents a high number
of points significantly distant from their ideal position, the percentage and the
maximum error decrease significantly for the lathe-machined workpieces. This
allows to consider that the working parameters affected significantly the results
Figure 6.40: Deviation of the specimen from the CAD model versus percent-
age of points for the grooved circles for the section illustrated in Figure 6.39.
Figure 6.41: Deviation of the bottom surface of the grooved cylinder from an
ideal planar surface.
of the machining process, and encourage to continue the experimental activity.
Figure 6.42: Deviation of the specimen from the CAD model versus percent-
age of points for the grooved cylinder for the section illustrated in Figure 6.41.
Figure 6.43: Comparison of the whole bottom surface of the grooved cylin-
der. The blue areas indicate where the axis of the sonotrode has passed. The
deviation values are in millimeters.
6.5 Methodology for the industrial production of cus-
tomized appliances
Within the orthodontic field, malocclusion problems are usually treated by
using different types of appliances. In particular, Eruption Guidance Appli-
ances (EGAs) are recommended for early orthodontic treatment or prevention
of malocclusion problems. The traditional approach with EGAs is based on
the use of standard prefabricated templates realized by high-pressure injection
of silicon materials within metallic molds. These appliances, however, have a
low degree of customization, which is usually obtained by manually adapting
the mating surfaces on the specific patient. Experts in the orthodontic field
believe that the customization of the EGAs would strongly enhance the results
of malocclusion treatments.
EGAs, also called myofunctional devices, are removable appliances for the
correction of malocclusion problems, especially recommended for early or-
thodontic treatment or prevention of malocclusion problems. A minimum set
of different sizes and shapes is usually available on the market, and standard-
ization is based on common anatomy of the dental arches. Thus, the choice of
the particular model to be used derives from a tradeoff between the availability
on the market, and the patient’s anatomy. The EGA has then to be adapted on
the actual shape of the arches to treat. Usually, the appliance is worn by the
patient during nighttime and a few hours during daytime. It could be period-
ically replaced if changes and/or developments in the growth of the jaws and
teeth exchange occur.
Due to the high variability between each clinical case, orthodontists believe
that the creation of a customized appliance would improve the results, which
are already encouraging with standard EGAs available on the market, and may
allow the simultaneous correction also of other dental problems (e.g. dental
misalignment). In this work, a novel approach for the design and manufactur-
ing of EGAs is proposed. The methodology is based on the main idea that a
customized device designed on the actual shape of the patient mouth instead
of a standard device brings benefits in terms of more predictable outcomes and
faster treatments. The main drawback that has limited till now the diffusion
of customized devices has been the high cost required to manufacture a non-
standard appliance, the process used for the industrial production of EGAs
available on the market at the moment, and the methodology used for creat-
ing customized dental appliances in general (e.g. aligners), which employs
highly skilled labor, but with processes of handicraft level. The developing
of digital technologies and the reduction of costs of innovative manufacturing
technologies like 3D Printing, could overcome this drawback and allow for an
affordable solution.
This work presents an innovative methodology for the design and manu-
facturing of fully customized EGAs. The methodology is based on an exten-
sive integration between traditional orthodontic procedures (e.g. creation of
patient’s dental impression, manufacturing of plaster models, wax bite regis-
tration of upper and lower arches) with advanced computer aided design pro-
cesses. The methodology moves from the digitalization of the plaster models
obtained by optical scanning techniques. The patient morphology is then ex-
ploited, under dental practitioner supervision, for the design of the appliance
geometry through CAD modelling tools. This approach provides an accurate
matching between mating surfaces of the appliance and the actual patient’s
dental anatomy. Medical guided assessment is required throughout the most
of the data elaboration processes, in order to design the EGAs accordingly to
the patient’s clinical conditions. Low-pressure injection molds for the physical
manufacturing of the appliances are then 3D printed using rapid prototyping
techniques. The proposed methodology allows the production of patient cus-
tomized appliances guaranteeing low cost manufacturing and high quality stan-
dards, similar to those typically obtained by in series productions. Moreover,
the presented approach offers a high integration level with numerical and finite
element methods, which can be used for both the evaluation and optimization
of the forces imparted by the EGAs onto patient dental arches.
6.5.1 Background of the EGAs
Orthodontics is the branch of dentistry concerned with the study and treatment
of irregular bites, and deals with the practice of manipulating patient dentition
in order to provide better functionalities. Detection and correction of maloc-
clusion problems caused by teeth irregularities and/or disproportionate jaw re-
lationships represent the most critical aspects within an orthodontic diagnosis
and treatment planning.
A survey conducted from National Health and Nutrition Examination Sur-
vey (NHANES III) in the USA revealed that a high percentage of youth needs
a orthodontic treatment [127]. Focusing on malocclusion problems, even if
they are more common for a certain type of ethnic groups [128], a high per-
centage of youth revels to have this problem. Orthodontic treatments improve
both the dental health and the esthetic components [129], thus people need-
ing to undergo a orthodontic treatment are highly encouraged to do it, even if
the demand for treatment is highly influenced by many factors (e.g. cultural
differences, need for orthodontic intervention, as access to care) [130, 131].
Orthodontics is continuously pushing forward the research about dental
care appliances. In the last century many changes happened in medical treat-
ment philosophy [132]: still in the 80’s, a definition of traditional orthodontics
was “variable-cross-section orthodontics where small wires were used for light
forces and large wires for heavier ones” [133]. In recent years, non-metallic
orthodontic appliances to perform non-surgical orthodontic treatments raised
a growing interest. For the correction of malocclusion, treatment approaches
have been thoroughly investigated in the literature. Nowadays some of them
use fixed functional appliances, sometimes also highly invasive (e.g. the case
presented in [134]), and some of them use removable appliances (e.g. the case
studied in [135] and [136] for the Eruption Guidance Appliances (EGAs) and
in [137] for the Fra¨nkel functional regulator). In recent years, the use of non-
metallic orthodontic appliances to perform non-surgical orthodontic treatments
raised a growing interest.
EGAs have been introduced in the 40’s [138], and the interest of industry
raised in the following years, as proved by the increased number of patents like
the one from Bergersen [139]. Nowadays, the Scientific Community, as well
as the industrial world, is continuously studying and comparing the EGA to
the other removable appliances (e.g. Janson et al. [140]). Research about the
long term stability of cases treated with EGAs demonstrated that correction
of malocclusion was stable [141]. Because of this reason, and because of the
relatively low invasiveness of the treatment, EGA appears to be one of the most
applied correction methods adopted in orthodontics in the last years.
The methodology described in the present work exploits the advantages of
designing orthodontic appliances customized on the patients, thus resulting in
more effective dental care treatments. Moreover, the technique proposed in this
work allows the creation of high quality products, which are also economically
competitive due to the decreased manufacturing costs.
6.5.2 Materials and Methods
In this section, the proposed methodology is presented and the tools used to
gather the results are described. The present work aims at defining a method-
ology for the creation of customized appliances for malocclusion problems
treatment. The design studied is based on the EGA, and it has to take into ac-
count both anatomical and functional requirements. The design process moves
from the dental impression of both the upper and lower dental arches. Plaster
casts are then created from dental impressions. Molds of dental arches are thus
positioned with the same relative position they have in patient’s mouth, taking
into account both the Coronal and the Sagittal planes. Following, the model
is scanned and imported in a CAD software for surface elaboration. Once the
final relative position of arches is fixed, two alternatives are possible: the direct
printing of the appliance through an Additive Manufacturing (AM) technique,
or the printing, still using the AM technique, of the mold for the creation of
the appliance through injection of silicone. This work considers only the pos-
sibility of manufacturing the EGA through the creation of a mold. The overall
procedure can be summarized in the following steps:
1. creation of the dental molds
2. 3D virtual model
3. virtual design of the mold
4. production and testing of the appliance
All these steps, schematically represented in Figure 6.44, are described
more in detail in the following subsections. This work focuses on the last three
steps, since they are the ones who involve more considerably the engineering
contribution to the work.
6.5.2.1 Creation of the dental molds
The first step of the methodology work flow is the acquisition of dental im-
pression of the patient and the creation of dental molds. This is a preliminary
activity for the creation of customized dental appliances, and it is based on tra-
ditional orthodontics operations. The orthodontist takes the dental impression
using a traditional kit (e.g. the one shown in [142]), then he creates the plaster
casts. Once plaster casts are created from the dental impressions, dental arches
are aligned into the real case position thanks to the impression of the bite over
a wax wafer or other devices (e.g. the ones described in [143]), specifically
designed for precise bite registration. Plaster casts are then fixed to the posi-
tion by external supports (e.g. rubber bands and clamps) for the subsequent
surface acquisition phase. This is the only traditional step proposed in this
methodology.
Figure 6.44: Flowchart of the proposed methodology.
6.5.2.2 3D virtual model
At this step, aligned plaster casts generated during the previous stage are now
used for the creation of a virtual model. The block containing the plaster casts,
the supports and the wax wafer is inserted in a system for the acquisition of
a 3D cloud of points, in order to recreate the surface of dental arches. The
creation of the 3D virtual model is divided into four sub-phases, which are:
• image acquisition
• data elaboration and refinement of the surfaces
• segmentation
• medical guided assessment
Each step is described in detail in the following sections, and the equipment
used for the test of the procedure is described finally in the case study section.
Image acquisition This sub-step is the first one toward the digitalization of
the model. The plaster casts are positioned in a device for surface acquisition.
For this work a 3D scanner has been taken into account, even though other
surface acquisition methods are possible [144] specifically for plaster cast or
other uses still related to the orthodontic field [145, 146]. For the 3D scanner
acquisition phase, three substeps are necessary:
scanning of aligned arches: allows to gather information about the relative
position of the dental arches. This step does not create inner surfaces of
plaster casts
removal of support elements: is an intermediate step, which permit to scan
the single dental arches for acquiring information about inner surfaces
scanning of upper and lower dental arches when each plaster cast is scanned
singularly, all the surfaces of interest are accessible to the scanning sys-
tem.
Therefore three scans are required, one for each dental arch, and one for
relative positioning of dental arches. The three scans are required to over-
come some problems due to the typology of surface acquisition method system
adopted.
Data elaboration and refinement of the surfaces Surfaces acquired contain
both the dental arches and surfaces extraneous to the patient’s dental profile.
For instance the surfaces of rubber bands are included in the clouds of points
of the aligned arches, but have to be removed for the analysis of data and for
the surface elaboration process. Furthermore, the scanning system does not
allow to gather information of the totality of the dental arches at once from
the scanning of aligned arches, since when plaster casts are aligned, the inner
surfaces are hidden from the outer surfaces. This problem is solved by scan-
ning also each plaster cast standing alone, thus aligning the surfaces acquired
according to the cloud of points generated by the aligned arches scanning.
Once points are acquired, they undergo a refinement process, which consists
of noise reduction, removing of unnecessary points, creation of borders and
sampling of points according to the curvature of the surface. The most the
surface is complex, the highest the density of points is. The following step is
the alignment of the clouds of the dental arches with the cloud of the general
byte scanning. Once the operation is concluded, the cloud generated from the
scanning of the in-position dental arches is deleted, and surfaces of upper and
lower plaster casts are created from the clouds of points. The software used
for the operations described in this step is Geomagic Studio R©.
Segmentation Since the methodology could be used also for the realignment
of single teeth, an individual tooth segmentation process is required [147]. In
case of children treatment with EGAs, the segmentation process considers only
the division between teeth and gingiva. In this case, the surfaces of visible den-
tition structures (tooth crowns) and oral soft tissues are created from the optical
scanning process onto patient’s dental plaster casts. The overall surface repre-
senting tooth shapes and oral soft tissue is then segmented into disconnected
regions, representing the individual crown geometries and the gingiva through
a semi-automated procedure, which exploits the curvature of the digital mouth
model. Since teeth are separated from the gingiva, they can be moved to dif-
ferent position, without altering the main structure of dental arches.
In case of adult treatment, other more accurate procedures can be used
for digital reconstruction of the patient’s anatomical tissues involved in an or-
thodontic treatment, by integrating two different imaging techniques: CBCT
scanning and surface structured light scanning [126]. The combination of the
two techniques allow to reconstruct tooth roots and bone tissues by processing
CBCT data sets on the basis of an active contour model in a level set formula-
tion [125].
Medical guided assessment Based on dentist’s prescription, the 3D model is
manipulated using an apposite software. In particular, the realignment of teeth
(Figure 6.45) is possible thanks to the segmentation phase, which guarantees
teeth separated from the gingiva. Since the material of the EGA is soft if
compared to traditional aligners, the experts believe that the realignment can
be efficient for few teeth, in particular the central, lateral and cuspid ones. For
what concerning the malocclusion treatment, dental arches can be moved from
the original position (Figure 6.45a) to a different one (Figure 6.45b). Also,
depending on the type of malocclusion, i.e. malocclusion type I, type II or
type III [128], the EGA has to provide a relative position of dental arches that
is not the final desired one, but has a different condition (Figure 6.45c), that
allows to correct the malocclusion accordingly to the specific case.
Both the realignment of teeth (Figure 6.46) and repositioning of dental
arches can be done in one single step, or can be divided in more substeps, ac-
cordingly to dentist’s prescription. This subdivision depends on the severity of
the orthodontic treatment, and on the specific patient’s anatomical conditions.
6.5.2.3 Virtual design of the mold
The design of the mold has to take into account the problematic connected to
manufacturing processes of the mold itself, and to the creation of the appliance.
In particular, since the procedure adopted for the creation of the EGA is low
pressure injection, the main requirement is the possibility of extracting the
final product from the mold. Thus, the division plane and the presence of
undercuts have to be carefully considered, accordingly to the creation of molds
for traditional injection operation procedures [148].
For what regards the manufacturing process of the mold, two main possi-
bilities can be taken into account: the creation of a set of interchangeable fixed
Figure 6.45: Malocclusion correction steps: (a) initial position, (b) final de-
sired position and (c) relative position for correction of malocclusion problems
dependently on the malocclusion problem (i.e. class I, class II or class III).
and standardized molds, among which adapting the dental arches of the patient,
and the creation of totally customized molds out from rapid prototyping tech-
niques. The first methodology implies a higher initial investment due to the
construction of the standard molds that have to be created using metal alloys
in order to resist to the production of a high number of appliance. On the other
hand, this procedure allows the manufacturing of high quantity appliances, re-
ducing the quantity of customized material to be installed in the mold, thus
reducing the timing and the cost of Rapid Prototyping material and machine
use. The second methodology, also studied by Salmi et al. [149], is more indi-
cated for low quantity production series, since it is based on totally customized
molds, that have to be manufactured from rapid prototyping techniques. In this
case, the mold is created using additive manufacturing procedures, already di-
vided in two or more parts to avoid undercuts and to allow the extraction of the
appliance. Reference elements have to be included to allow the correct relative
positioning of the components of the mold.
For this work, the second option was used, since it is the one that allows the
creation of prototypes with a low initial investment, thus allowing the creation
of prototypes to be tested before the eventual production of the appliance. For
the external surfaces of the EGA, it is possible to choose among a wide variety
of shapes.
One of the advantages of the methodology described in this work, is the
possibility of simulating, through a FEM analysis, the stress that is applied to
the EGA, thus allowing to eventually reinforce the appliance before its creation
and before manufacturing the mold. This is also depending on the type of
Figure 6.46: Realignment of teeth accordingly to medical prescriptions: (a)
the initial condition and (b) the final alignment of teeth.
treatment suggested, on its severity and on the design of the EGA, since the
outer surfaces can be designed in many different ways. An example of the
stress analysis performed on a preferred design of the EGA is illustrated in
Figure 6.47.
Figure 6.47: An example of FEM analysis that can be performed on cus-
tomized appliances before its manufacturing.
6.5.2.4 Production of the appliance
The appliance was manufactured interfacing the mold created with an AM
machine with a low pressure injection system. Silicon was injected into a
system that included the mold of the EGA into a plaster block, as shown in
Figure 6.48a. The system ready for silicon injection is shown in Figure 6.48b.
Among the possible alternatives for AM, also explored in [150], the selected
one was the Fused Deposition Manufacturing (FDM). If compared to other
AM techniques [14], FDM main drawback is the limited extension of the
workspace. On the other hand, its main advantages are the wide variety of ma-
terials that can be used, the good precision quality and, even if it is not the best
among the AM techniques, the resolution of the surface created. Furthermore,
surface finishing can be improved setting adequate extrusion parameters [151],
or using chemical solutions to smoothen the irregularities due to the staircase
effect [152].
Figure 6.48: (a) the mold of the EGA in the plaster block and (b) the system
ready for injection.
6.5.3 Case Study
Based on a clinical case, a case study of EGA was manufactured. For the
acquisition of the images a plaster casts provided by orthodontists, together
with the wax wafer for registration were used.
The 3D acquisition system used was specifically developed with the aim at
digitizing the plaster casts in their original misaligned position (Figure 6.49).
The system is composed of the a 8-bit monochrome CCD digital camera (The
Imaging Source DMK 41BF02, resolution 1280×960 pixels), equipped with a
16 mm focal length lens (PENTAX, C31634KP 2/3” C-mount), and a multime-
dia white light DLP projector (OPTOMA EX330e, resolution XGA 1024×768
pixels).
The 3D shape recovery uses a multi-temporal Gray Code Phase Shift Pro-
filometry (GCPSP) method, projecting a sequence of black and white vertical
fringes. The working volume of the acquisition system is of 100 mm×80 mm×80 mm
(width×height×depth), with a spatial resolution of 0.1 mm and an overall ac-
curacy of 0.01 mm [126].
Dental arches have been acquired accordingly to the procedure described
in the Image acquisition section, and the plaster casts aligned in the original
position are shown in Figure 6.50a, while Figure 6.50b shows the plaster casts
of dental arches used for acquiring the totality of the surfaces (inner and outer
surfaces).
Final digital reproductions of patient’s dental structures and of the den-
Figure 6.49: The scanner used for the surface acquisition of dental arches.
tal arches alignment are obtained by merging different range maps within an
automatic multi-view scanning process, then are merged together to recreate
the dental patient’s conditions. After this step, the cloud of points is post-
processed reducing the noise created during the acquisition phase and reducing
the number of points. The final file of the surface points, prior its conversion
to surface entities is shown in Figure 6.51.
Once surfaces have been created and the segmentation process has been ap-
plied, dividing teeth from the gingiva. Under medical assessment, the relative
position of dental arches have been corrected, accordingly also to the maloc-
clusion problem type (Figure 6.45). In this case study, also teeth misalignment
was corrected (Figure 6.46).
The mold was designed using a CAD software for the creation of the outer
surfaces. Boolean operations have been used both for creating the dental im-
pression in the EGA, and for creating the negative of the EGA for the design
of the mold. The mold was designed to be interfaceable with a commercially
available low pressure injection system, in this case the J-100 Evolution R©from
Pressing Dental S.r.l.. The rapid prototyping technology used for the creation
of the mold was the fused deposition manufacturing, and the machine used in
this case study was the Object Eden500V 3D Printer R©from Stratasys, Inc..
The 3D model of the mold and the rapid manufactured appliance are shown
respectively in Figure 6.52a and Figure 6.52b. The surface finishing is differ-
ent between the surfaces of the mold that interface with the EGA, and the
other areas of the rapid prototyped component, due to the effects of the post-
treatment used to improve the EGA’s roughness. The rapid prototyped mold
is shown prior to its insertion into the low pressure injection system shown in
Figure 6.48. The appliance before its extraction from the mold is shown in
Figure 6.53.
6.6 Conclusions
In this Chapter are exposed some way to solve the problematics already high-
lighted both in Chapter 5 and in Section 6.2. It is not the objective of this
thesis to solve all the problems that can be encountered in the prototyping
phase, since it would be impossible. It is more in the intention of the candidate
to show how the prototyping phase, even if presenting some problems, still
represents a big opportunity for the inventor.
Figure 6.50: (a) Plaster casts of the dental arches aligned in the initial position
and (b) dental arches. In (a) it is visible the wax wafer (in red) used for the
registration of dental arches.
Figure 6.51: The cloud of points obtained once the surface of the single plaster
casts are merged together.
Figure 6.52: Virtual design of the mold and (b) the mold created with AM
techniques.
Figure 6.53: The appliance before the extraction from the mold created with
rapid prototyping techniques.
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The thesis analyzed many steps of the concept design, especially the ones more
related to the prototyping phase. One of the main limitation of the work pre-
sented in the previous Chapters is the attempt to analyze not the development
of a single product from its design to the final prototyping, but the will to face
vertically many different procedures for each step of the prototyping phase.
The opinion of the candidate is that it is more valuable to illustrate more
activity and more different ways to face a problem, obviously connected to the
projects covered during the PhD, rather than focusing on the development of a
single asset with a unique way of dealing with the problem of prototyping.
This is the reason for which the flowchart of the concept design phase has
been expanded and treated in different ways according to the needs of each
single project: design problems have been presented and faced in order to
structure this important step of the concept design, and to expand the potential
of the one who is facing the development phase of a new product or service.
The one who is developing a new product is also facing the problem of
which is the concept with the highest potential, so on which idea it is worth
investing time and resources. This phase can vary significantly depending on
the type of product or service, which are the inputs (e.g. comparing existing
products to new concepts) and which are the expected outputs. Does the user
want a ranking of concepts, or does he want information in order to choose ac-
cordingly to his experience? Does he want a selection method or does he want
a table reporting the properties of the concept? It would have been impossible
to face all these problematics with a single case study, and this is the reason
for why it has been decided to report the selection processes adopted in more
activities carried out during the PhD.
Some of the projects developed during the course of the PhD were also pre-
sented in order to highlight which were the problems faced, and to illustrate
how the design concept methods could be applied to practical cases. Some
possible ways to solve the problematics of these projects have been presented,
and it is obvious that different projects would have presented different difficul-
ties, but they can be used for solving analog problems, like the improvement
of mechanical properties of components manufactured using rapid prototyping
techniques, or the development of flexible and cheap manufacturing processes.
For what concerns the development of the ultrasound manufacturing process, it
is also interesting to see how the design by analogy can be applied also to meth-
ods, since that the process was designed for the realization and the shaping of
polystyrene blocks for the surf industry, but it has successfully been applied
for the realization of components for pretotypes and prototypes. Finally, with
the development of a methodology for the production series of customized ap-
pliances for orthodontic use, it was found what is the ring junction between the
prototyping for the industry (i.e. creation of prototypes having the same prop-
erties of the final product) and prototyping for research (i.e. creation of unique
objects), with a look to those which are the subsequent stages of production.
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